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ABSTRACT 
Urbanization and land use changes have increased impervious surfaces and resulted in more 
frequent flooding and higher contaminant loads in hydrologic systems.  According to the 
National Resources Defense Council, stormwater runoff rivals or exceeds discharges from 
factories and sewage plants as a source of pollution throughout the United States. The 
Environmental Protection Agency identifies urban stormwater as the second largest source of 
water quality damage to open water bodies. In recent years, the use of low impact development 
(LID) practices, that aim at maintaining or closely replicating predevelopment hydrology, have 
become widespread. LID practices promote stormwater infiltration, filtration, evapotranspiration, 
and on-site storage through a variety of small-scale technologies that, when integrated 
throughout a watershed, can holistically address shortcomings associated with and/or 
complement conventional practices. Notable examples are rain gardens, green roofs, and 
permeable pavements. 
This thesis monitored meteorological and runoff data for one type of LID technology, a green 
roof, located at the Business Instructional Facility at the University of Illinois at Urbana-
Champaign. The data was used to calibrate the moisture retention parameters of the green roof 
substrate using Hydrus-1D. The model is capable of simulating runoff and evapotranspiration for 
continuous periods of time allowing it to take into account the antecedent moisture content of 
green roofs at the beginning of each storm. The general features of the runoff hydrographs were 
captured by the model. 
Hydrus 1D was used to generate runoff hydrographs for green roofs, and these were incorporated 
into the Calumet Dropshaft 51 (CDS-51) model that was developed for the Village of Dolton, IL 
using the Illinois Urban Hydrologic Model (IUHM). IUHM was modified to incorporate the 
response of green roofs and study their impact on the catchment runoff behavior. Hypothetical 
uniform and triangular storms were used to study the influence of rainfall intensity and the 
temporal distribution, respectively. Wet and dry year precipitation for CDS-51 were also tested, 
and the results show that the volumetric retention of stormwater by green roofs is not constant 
and depends on the antecedent moisture content, even for storms of similar depths. 
Benefits realized from replacing conventional roofs with green roofs in CDS-51 were then 
quantified using benefit transfer. The analysis was based on the hydrological analysis at the 
watershed level scaling-up from the local level, a nonlinear process. The private benefits 
considered are the benefits from reduced energy use and the external benefits considered are the 
benefits from reduced stormwater treatment volume, reduced combined sewer overflow 
treatment and storage volume, and consumer willingness to pay for increased infiltration and 
decreased street flooding. Results indicated that external benefits are substantial and quantifying 
the value of other nonmarket benefits (not considered in this study) could make the case for 
using green roofs and other green infrastructure for stormwater management more favorable. 
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“Science without conscience is but the ruin of the soul” 
Francois Rabelais 
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Chapter 1 Introduction 
1.1 General Overview 
Urban development dramatically increases impervious surface area in most watersheds, 
preventing water infiltration and promoting direct surface runoff.  This extensively modifies 
hydrologic processes in the watershed, resulting in less evapotranspiration, greater peak flows 
and flooding, enhanced erosion, limited groundwater recharge, increased loads on wastewater 
treatment plants in combined-sewer-overflow (CSO) systems, and reduced quality of receiving 
surface water bodies,  (NRC, 2008; USEPA, 2007). As such, stormwater is one of the leading 
sources of pollution of all water bodies in the United Sates (USEPA, 2007).  Of special concern 
in the Great Lakes region are the effects of CSO systems on water quality. There are almost 200 
communities in the Great Lakes basin with CSO systems, discharging more than 40 billion 
gallons of diluted sewage into the Great Lakes annually (Chicago Tribune, 2011; NWF, 2010).  
Each year, this directly impairs biological ecosystems (NRC, 2008), and results in many 
hundreds of beach closures (NRDC, 2007).  
 
According to the USEPA’s (2008) Clean Watersheds Needs Survey 2008 Report to Congress, 
the nation needs to invest at least $298 billion in its aging sewers, $187.8 billion for wastewater 
treatment and collection systems, $63.6 billion for combined sewer overflow corrections, and 
$42.3 billion for storm water management, all in the face of decreasing resources.  Over the past 
20 years, state and local governments have concentrated their efforts on implementing 
conventional stormwater management practices to address storm water runoff and CSOs. 
Billions of dollars are being invested in tunnels in cities across the country to capture CSOs (e.g., 
Chicago, $3.7 billion, MWRDGC, 2013; St. Louis, $2.7 billion, STLMSD, 2011; Washington 
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DC, $2.6 billion, DCWater, 2013). 
 
A dramatic shift in thinking has occurred in recent years, where Federal, state and local 
governments are starting to embrace Low Impact Development (LID) practices, with the goal of 
maintaining or closely replicating predevelopment hydrology. LID practices promote stormwater 
infiltration, filtration, evapotranspiration, and on-site storage through a variety of small-scale 
technologies that, when integrated throughout a watershed, can holistically address shortcomings 
associated with and/or complement conventional practices. Notable examples are rain gardens, 
green roofs, and permeable pavements. Recently requirements to include LID stormwater 
practices have been incorporated into the Long Term Control Plan (LTCP) Consent Decrees for 
several cities.  For example, St. Louis will include $100 million of LID in their LTCP and 
Chicago and Washington DC will incorporate LID in their LTCPs (UIM, 2012; DCWater, 2012). 
 
Resistance to LID acceptance is primarily due to perceived higher costs and reduced 
effectiveness, unknown performance, and regulatory hurdles (NRC, 2008). The USEPA (2007) 
developed 17 case studies of sites that implemented LID practices, and identified capital costs 
savings between 15 to 80 percent for all but one site (USEPA, 2007). The USEPA also 
documented positive externalities that include social and environmental benefits, but these were 
not quantified. LID encompasses a wide range of practice with different local- and watershed-
scale impacts, different technical constraints, and different costs and benefits. Lack of technical 
details, such as the watershed-scale performance, can influence and bias the decision-making 
process when selecting appropriate systems (Vivattene and Ellis, 2013). 
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1.2 Research Objectives 
 
The overall goals of this research are to examine the impacts across scales and time and to 
quantify the positive externalities associated with implementation of one type of LID, green 
roofs, at the watershed scale. The probabilistic Illinois Urban Hydrologic Model (IUHM) is used 
as a tool to explore green roofs’ impact on hydrological processes at the watershed scale using 
the Village of Dolton, IL, a suburb of Chicago as a case study. Benefit transfer was carried out to 
calculate the private and external benefits of green roof intervention in watershed performance. 
The specific objectives of this research are to: 
 
1.2.1 Monitor and calibrate a Hydrus-1D model of a simple-intensive green roof 
 
Since 2008, a simple-intensive green roof located at the Business Instructional Facility at the 
University of Illinois at Urbana-Champaign has been monitored for meteorological and runoff 
data. The data was used to calibrate the moisture retention parameters of the green roof substrate 
using Hydrus-1D. The model is capable of simulating runoff and evapotranspiration for 
continuous periods of time allowing it to take into account the antecedent moisture content of 
green roofs at the beginning of each storm. The general features of the runoff hydrographs were 
captured by the model. 
 
1.2.2 Understand the impact of green roofs on hydrological processes at the watershed 
scale: 
 
Hydrus-1D was used to generate runoff hydrographs for green roofs, and these were incorporated 
into the Calumet Dropshaft 51 (CDS-51) model that was developed for the Village of Dolton, IL 
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using the Illinois Urban Hydrologic Model (IUHM). IUHM was modified to incorporate the 
response of green roofs and study their impact on the catchment runoff behavior. Hypothetical 
uniform and triangular storms were used to study the influence of rainfall intensity and the 
temporal distribution, respectively. Wet and dry year precipitation for CDS-51 were also tested, 
and the results show that the volumetric retention of stormwater by green roofs is not constant 
and depends on the antecedent moisture content, even for storms of similar depths. 
1.2.3 Explore the private and external benefits of scaling green roofs in a watershed: 
Benefits associated with reduction in stormwater volumes that could be achieved for CDS-51 by 
replacing conventional roofs with green roofs were quantified. The analysis was based on the 
hydrological analysis at the watershed level scaling-up from the local level, a nonlinear process. 
The private benefits considered were the reduced energy use and the external benefits considered 
were the savings from reduced stormwater treatment costs, reduced combined sewer overflow 
treatment and storage costs, and consumer willingness to pay for increased infiltration and 
decrease street flooding due to the implementation of green roofs.  
1.3 Outline of Thesis 
 
Chapter 2 contains work that addresses research objective 1. The work calibrates a Hydrus-1D 
model that can perform continuous simulations of rainfall-runoff and calculate interevent 
processes (i.e., drying and evapotranspiration) for a monolithic, simple-intensive green roof.  
Continuous, 1-minute rainfall and runoff data from a simple-intensive green roof in Champaign, 
IL, along with meteorological conditions, are used for the calibrations and verifications. The 
model can simulate runoff and ET for continuous periods of time making it convenient for 
integration into a watershed model, where the long-term impact of green roofs on urban runoff 
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predictions can be studied. Chapter 3 contains work that addresses research objective 2. Green 
roof runoff hydrographs generated by Hydrus-1D are incorporated into the probabilistic IUHM 
model by scaling them and applying them uniformly to directly connected impervious areas for 
the Village of Dolton, IL. Hypothetical uniform and triangular storms are used to test the 
influence of rainfall intensity and the temporal distribution, respectively. Wet and dry years are 
used to examine the longer term performance of green roofs on watershed outlet hydrographs. 
Chapter 4 contains work that addresses research objective 3. The work quantifies the benefits 
associated with reduction in stormwater volumes that could be achieved by green roofs at the 
watershed scale by using benefit transfer. The analysis is based on the hydrological analysis at 
the watershed level scaling-up from the local level, a nonlinear process. The private benefits 
considered are the reduced energy use and the external benefits considered are the reduced 
stormwater treatment costs, reduced combined sewer overflow treatment and storage costs, and 
consumer willingness to pay for increased infiltration and decrease street flooding due to the 
implementation of green roofs. The  Village of Dolton, IL, is used as a case study and wet and 
dry year conditions for the catchment are used to determine and compare the net present value 
(NPV) ($/m
2
) of replacing conventional roofs with green roofs under varying coverage scenarios 
for both years simulated. Chapter 5 contains major conclusions and future research directions. 
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Chapter 2 A continuous simulation of rainfall-runoff and evapotranspiration 
for a simple-intensive green roof in Champaign, IL 
2.1 Abstract 
 
This study calibrates a Hydrus-1D model to perform continuous simulations of rainfall-runoff 
and calculate interevent processes (i.e., drying and evapotranspiration) for a monolithic, simple-
intensive green roof.  Continuous, 1-minute rainfall and runoff data from a simple-intensive 
green roof in Champaign, IL along with meteorological conditions, was used for the calibrations 
and verifications. The van Genuchten moisture parameters were calibrated using the NSGAII 
genetic algorithm. The calibrated parameters for the van Genuchten model are effective 
parameters incorporating the effect of non-captured subsystems of the GR such as the moisture 
retention mat and the scale of the roof. The model predicts total runoff volumes within 30% of 
the measured values for the entire study period. It also predicts the time to peak runoff with low 
relative percent errors (< 12 %) for 6 of the 8 storms. It tends to overpredict peak runoff rates for 
3 of the 8 storms. The model calculates ET and predicts the initial (soil moisture) conditions 
within 30% of the measured values, allowing the user to perform both continuous simulations 
and event-level analysis.  The ability of the model to simulate runoff and ET for continuous 
periods of time makes it convenient for integration into a watershed model, where the long-term 
impact of green roofs on urban runoff predictions can be studied. The model presents a first step 
in simulating green roof behavior for extended periods of time. Future studies should take into 
account the sub-systems such as the moisture retention mat and scale of the roof, as well as 
refine the ET rates to take into account the specific characteristics of the plants and substrate.  
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2.2 Introduction 
 
“Urban ecosystems represent the most complex mosaic of vegetative land cover and multiple 
land uses of any landscape” (Foresman et al., 1997). In many urban areas, green roofs and other 
Green Infrastructure (GI) practices (USEPA, 2008)—also referred to as Low Impact 
Development (LID) (e.g., Ahiablame et al, 2012), Stormwater Best Management Practices (e.g., 
FHWA, 2000), and Sustainable Urban Drainage Systems (SUDS) (e.g., Viavattene and Ellis, 
2013) - are increasingly being built to enhance or replace conventional stormwater management 
practices (Dietz, 2007).  The goal of GI practice is to mitigate the negative effects of 
urbanization by preserving the pre-development hydrology of a site (Dietz, 2007).  GI practices 
promote stormwater infiltration, filtration, evapotranspiration, and on-site storage through a 
variety of small-scale technologies that, when integrated throughout a watershed can holistically 
address shortcomings associated with and/or complement conventional stormwater management. 
They may also reduce the frequencies of combined sewer overflows and in separate-sewer areas 
they  can be used to reduce volume of and constituent loads from stormwater runoff.  The result 
of utilizing green roofs and other GI practices to control stormwater adds more complexity to the 
urban hydrology. For green roofs, substrate depths and composition, roof slope, plant species and 
coverage, duration and intensity of rainfall, inter-event periods, and whether the system is 
modular or plant-in place all affect stormwater retention (Stovin et al., 2012; Voyde et al., 2010; 
Mentens et al., 2006; Villareal and Bengtsson, 2005; Alfredo et al., 2010; Buccola et al., 2011; 
Van Woert et al. 2005; Wolf and Lundhom, 2008; Getter et al., 2007).  Because of the many 
factors that affect green roof performance, it is difficult to standardize their technical 
characteristics and to use a model developed for one site to predict runoff at another site (Henry 
and Frascaria-Lacoste, 2012; Sherrard and Jacobs, 2012; Carter et and Rasmussen, 2006). 
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In recent years, an increasing number of studies have monitored and modeled runoff from green 
roofs.  Several approaches have been taken to model and predict runoff from green roofs. For 
instance, some studies use statistical analysis of runoff collected (Stovin et al., 2012; Buccola et 
al., 2011; Dunnett and Kingsbury, 2004; Mentens et al., 2006), others develop frequency 
distributions of runoff (Stovin et al., 2012; Bengtsson, 2005), still others assume green roofs 
behave as simple buckets with outlets (Berghage et al., 2007). Some studies assume a modified 
curve number (CN) (Carter and Rasmussen, 2006; Getter et al., 2007; Carter and Jackson, 2007), 
others calculate a runoff coefficient (Montalto et al., 2007) to model runoff from green roofs, and 
others use physically-based models that solve Richard’s equation to estimate unsaturated flow in 
green roofs (Palla et al., 2009; Hilten et al., 2008). An increasing number of studies consider ET 
from green roofs for multiple storm events, and highlight the importance of accounting for 
correct substrate moisture at the beginning of storm events and evapotranspiration between storm 
events for determining the stormwater retention capacity of green roofs. These studies 
demonstrate that green roof performance is a function of many factors, which include the 
substrate, green roof design, intervent period, and climate, and that data and calibration from one 
site may not be transferable and applicable to different locations and types of green roofs 
(Berretta et al. 2014; Stovin et al., 2013; Metselaar, 2012; Sherrard et al., 2012). The primary 
goal of this work is to develop a model for a simple-intensive green roof capable of continuous 
storm simulations that can be used in subsequent studies to assess the impact of green roofs on 
urban watershed hydrology at different spatial and temporal scales.   
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2.3 Material and Methods 
2.3.1 Description of Green Roof Site and Monitoring System 
In general, green roofs are classified as intensive or extensive. Intensive green roofs tend to have 
deeper substrate, 15 cm or more, may be planted with shrubs and trees, require maintenance and 
usually require additional building reinforcement due to increased structural loading. Extensive 
green roofs are shallower in depth, 15 cm or less, do not require maintenance after the first 
couple of years following installation, and most existing buildings can support the additional 
weight (Mentens et al., 2006 and Cantor, 2008). In North America, a new category of green roofs 
is emerging termed simple intensive; this is a green roof that has characteristics of both intensive 
and extensive green roofs (Cantor, 2008; Dunnet and Kingsbury, 2008). Green roof systems are 
also categorized based on installation: there are complete component systems (aka monolithic 
green roofs), which are installed as one continous component,  and modular or prefabricated 
systems, which are installed as blocks that are typically less than 1m
2
 (Cantor, 2008; Simmons et 
al. 2008). Substrate composition can vary greatly between manufacturers and designs and can 
have an effect on green roof performance (Simmons et al., 2008). The green roof in this study is 
referred to as a monolithic, simple-intensive green roof because it is deeper than 15 cm but does 
not require maintenance after the first two years of installment. 
In 2008, a 260 m
2
 monolithic, simple-intensive green roof composed of four vegetated beds and 
an adjacent conventional roof, located at the Business Instructional Facility (BIF) at the 
University of Illinois,  was instrumented and  monitored (Figure 2.1). For complete details on 
instrumentation, see Holloway-Hana (2009). The conventional roof is 4.3 meters above the green 
roof and is accessed via a ladder. The GR was installed with LiteTop Media manufactured by 
American Hydrotech, Inc. and nine different plant species were planted in July 2008 including 
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four varieties of sedums and two perennial grasses. The specifications of the LiteTop Media and 
a list of the plant species used are shown in Table 2.1and Table 2.2, respectively. 
Table 2.1 Specifications of LiteTop media installed on BIF green roof (courtesy UIUC 
Facilities & Services) Property 
Grain Size Distribution  
clay fraction  < 1 %  
passing #200 sieve  1-3 %  
passing #60 sieve  5-25 %  
passing #18 sieve  20-50 %  
passing 1/8-inch sieve  55-95 %  
passing 3/8-inch sieve  90-100 %  
Density  
Application Density  0.6 - 1.1 g/cm3  
(38 lbs – 69 lbs/cf)  
Saturated Density  0.9 - 1.4 g/cm3  
(56 lbs – 87 lbs/cf)  
Dry Density  0.5 -1.0 g/cm3  
(31 lbs – 62 lbs/cf)  
Water & Air Management (% vol.)  
saturated water capacity  >30 %  
saturated air content  >10 %  
Saturated Hydraulic Conductivity  >0.6 mm/min  
(>1.4 in/hr)  
 
Table 2.2 BIF Green Roof Plant List (courtesy of UIUC Facilities & Services) 
Name  Common Name  
Allium Cernuum  Nodding Wild Onion  
Buchloe Dactyloides ‘Sharps Improved’  Buffalo Grass  
Dianthus Deltoides  Maiden Pinks  
Koeleria Glauca  June Grass  
Sedum Acre  Stonecrop  
Sedum Kamtschaticum  Stonecrop  
Sedum Spurium ‘Bailey’s Gold’  Stonecrop  
Sedum ‘Ruby Glow’  Stonecrop  
Thymus Serphyllum ‘Coccineus’  Creeping Thyme  
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Monitoring consists of two weather stations; one located on the conventional roof and one on the 
green roof. Each weather station measures the meteorological and hydrologic parameters listed 
in Table 2.3. 
 
Figure 2.1 Green roof at business instructional facility at the University of Illinois 
 
Table 2.3 List of monitored parameters, equipment and their location (Holloway-Hanna, 
2009) 
Parameter  Equipment  Location  
Air temperature and relative humidity  Campell Scientific 
CS215  
Conventional and green 
roofs  
Wind speed and direction  Gill Instruments 
WindSonic 2-D Sonic 
Anemometer  
Conventional roof only  
Rainfall  Electronics TE525WS  Conventional and green 
roofs  
Incoming and reflected solar radiation  Campbell Scientific 
LI200X  
Conventional and green 
roofs  
Roof surface temperature  Campbell Scientific 
CS107  
Conventional roof only  
Growing media volumetric water 
content  
Decagon Devices EC-5 
and 5TE  
Green roof only  
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 A schematic of the roof panels and monitoring equipment on the BIF is shown in Figure 2.2a; 
the green roof (GR) is made up of four sections of vegetated beds.  Also shown are the locations 
of 1) the green and conventional roof weather stations, 2) roof drain sets, 3) soil moisture and 
temperature sensors, and 4) the placement of the flow measurement devices (GR1, GR2, GR3) in 
the operational drains. A cross section of the green roof and roof drain are shown in Figure 2.2b.  
The green roof consists of six basic layers: 
1. The substrate soil – approximately 20 cm of engineered soil 
2. A geotextile filter membrane, which prevents fine material from escaping  the bed 
3. A water drainage panel 
4. Moisture retention mat 
5. Insulation 
6. Root stop, protection membrane and roofing membrane 
Precipitation is measured at the GR and CR stations using tipping bucket rain gages. The 
gages measure rainfall in 0.254 mm (0.01 inch) increments.  Precipitation depth is totaled 
over the one-minute data interval. The rain gages’ precision is ±1%, -2.5%, and -3.5%   for 
flows up to 2.54 cm/hr, between 2.54 and 5.08 cm/hr, and between 5.08 to 7.62 cm/hr, 
respectively.   Precipitation depth is totaled over the data interval. 
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b 
Figure 2.2 Plan (a) and Cross section (b) views of green roof on BIF building in UIUC (not 
to scale (Holloway-Hanna, 2009) 
 
 
 Runoff from the green roof and conventional roof areas are drained by paired sets of roof drains.  
A multi-stage combination weir and orifice was retrofit to the existing roof drains. A pressure 
transducer (Keller America, Inc. Acculevel) measures depth of runoff.  Runoff from both the 
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conventional roof and green roof is measured using flow measurement devices designed and 
fabricated at the Ven Te Chow Hydrosystems Laboratory by Holloway-Hanna (2009) as shown 
in Figure 2.3. The design of the flow measurement devices consists of a multi-stage combination 
weir and orifice that is retrofit to the existing roof drain. This design includes a thick PVC plate 
with a vertical PVC drain pipe running through its center. For low flow conditions a series of six, 
0.64 cm (0.25 inch) orifices were drilled in the pipe to convey the flow to the drain pipe. For 
larger flows a scalloped, sharp crested weir conveys flows in excess of the capacity of the six 
orifices. The crest of the weir is approximately 2.2-2.5 cm above the plate (Holloway-Hanna, 
2009). 
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Figure 2.3 Profile view of multi-stage combination weir and orifice flow measurement 
device (Holloway-Hana, 2009) 
 
A pressure transducer (Keller America, Inc. Acculevel) is recessed 3.8 cm below the surface of 
the plate and measures depth of runoff. Its measures pressures of a water column ranging 
between 0 and 90 cm with a precision of 0.25%  (Acculevel, 2008). The PVC plate is designed to 
sit on top of the operational roof drain flashing with the transducer sending data back to the 
datalogger. The plate is caulked in place to insure all flow passes through the meter. Due to non-
uniformity in the fabrication, each device was calibrated separately. Holloway-Hanna (2009) 
calibrated each flow measurement device (CR1, GR1, GR2, and GR3) using both volumetric 
18 
 
measurements and a 5.1 cm (2 inch) electromagnetic flow meter (McCrometer UltraMag). 
Volumetric flow measurements were performed using a stopwatch and known volume container 
for lower flows ranging from 0.3 liters/minute to 40 liters/minute. The electromagnetic flow 
meter was used for higher flows (7 l/min to 400 l/min). Rating curves for the multi-stage 
combination orifice and weir flow meters were created using Matlab’s Curve Fitting Toolbox. 
Smoothing splines, a nonparametric fitting method, were fit to each flow meter calibration 
dataset.  
The CR had a rubber membrane sloping to a drainage outlet.  During the period of study the 
pressure transducer in the CR drain malfunctioned so actual runoff time series were not 
reliable.  However, the conventional roof design resulted in essentially all precipitation from the 
roof translating quickly to runoff.  Therefore, CR runoff was computed assuming residence time 
on the roof and abstractions are negligibly small.  
Volumetric water content (VWC) of the growing media is measured at 15 locations using two 
different sensors: Decagon Devices, Inc. EC-5 and 5TE soil moisture sensors. All sensors are 
placed at the same depth, with the dielectric VWC probes extending from 5 to 10 cm deep. The 
EC-5 measures only VWC, and is an analog sensor, while the 5TE measures: VWC, electrical 
conductivity (EC), and soil temperature. The 5TE is a digital sensor. Table 2.4 shows the 
specifications for the soil moisture sensors. Holloway-Hanna (2009) calibrated to the LiteTop 
media in August 2008 using five samples at different moisture contents.  The average of the 
water content measured by all sensors were calculated and used in the model as recommended by 
Beretta et al. (2014). 
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Table 2.4 Specifications for 5TE and EC-5 sensors (Decagon Devices, Inc, 2008a and 
Decagon Devices, Inc, 2008b) 
EC-5  5TE  
Parameter  Precision  Resolution  Precision  Resolution  
VWC  0.02m3/m3  0.001 
m3/m3  
±0.01-0.02 
m3/m3  
0.0008 m3/m3  
EC  X  X  ±10% (0-7 
dS/m)  
0.01 dS/m (0-7 dS/m) 0.05 dS/m 
(7-23 dS/m)  
Temperature  X  X  ±1°C  0.1°C  
 
2.3.2 Model Calibration and Verification 
Hydrus 1D (Simunek et al., 2009) was used to simulate the water flow through the BIF green 
roof. Hydrus was chosen because it has been demonstrated to accurately model variably-
saturated water flow through a green roof soil matrix (Hilten et al. 2008; Palla et al. 2009) and it 
allows the user to enter meteorological conditions to calculate ET. Hydrus 1D uses Richard’s 
equation (1) to describe variably-saturated flow and uses a finite difference numerical approach 
in space and an implicit finite difference approach in time. Details on the numerical solution can 
be found in the Hydrus manuel (Simunek et al., 2009).  
     
𝜕𝜃(ℎ)
𝜕𝑡
=
𝜕
𝜕𝑧
[𝐾(ℎ) (
𝜕ℎ
𝜕𝑧
+ 1)] − 𝑆       (1) 
h is the water pressure head, θ is the soil water retention, t is time, z is the spatial (depth) 
coordinate, K(h) is the hydraulic conductivity, and S is the sink term which accounts for losses 
due to ET. The unsaturated θ(h) and K(h) are highly nonlinear functions of the pressure head and 
can be defined using van Genuchten’s (1980) soil hydraulic function and Mualem’s (1976) 
statistical pore size distribution model (equations 2-5).  
 𝜃(ℎ) = {  
𝜃𝑟 +
𝜃𝑠−𝜃𝑟
[1+|𝛼ℎ|𝑛]𝑚
             ℎ < 0
          𝜃𝑠                              ℎ ≥ 0    
    (2) 
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 𝐾(ℎ) = 𝐾𝑠𝑆𝑒
𝑙 [1 − (1 − 𝑆𝑒
1/𝑚
)
𝑚
]
2
    (3) 
 
 𝑚 = 1 −
1
𝑛
, 𝑛 > 1    (4) 
 
 𝑆𝑒 =
𝜃−𝜃𝑟
𝜃𝑠−𝜃𝑟
   (5) 
Se is the effective saturation, θr and θs are the residual and saturated water contents, respectively, 
and Ks is the saturated hydraulic conductivity. The parameters α and n are empirical coefficients 
affecting the shape of the hydraulic functions. α is defined as the inverse of the air-entry pressure 
(bubbling pressure), and n is a pore size distribution index, related to the steepness of the curve; 
large values of n result in a steeper curve characteristic of sandy soils as opposed to smaller 
values of n which are characteristic of clayey soils. l is a pore-connectivity parameter and 
estimated by Mualem (1976) to be on average 0.5. 
The Penman-Monteith combination equation was chosen for calculating evapotranspiration (ET0)  
as it has been shown to simulate green roof ET effectively (Stovin et al. 2013; Rezaei, 2005). 
The Penman-Monteith combines the radiation and aerodynamic terms as shown in equation 6 
(FAO, 1990). This method is based on a hypothetical crop with a height of 0.12 m having a 
surface resistance of 70 s m
-1 
and an albedo of 0.23.  
𝐸𝑇0 = 𝐸𝑇𝑟𝑎𝑑 + 𝐸𝑇𝑎𝑒𝑟𝑜 =
1
𝜆
[
Δ(𝑅𝑛−𝐺)
Δ+𝛾(1+𝑟𝑐 𝑟𝑎⁄ )
+
𝜌𝑐𝑝(𝑒𝑎−𝑒𝑑) 𝑟𝑎⁄
Δ+𝛾(1+𝑟𝑐 𝑟𝑎⁄ )
]   (6) 
ET0 is the potential evapotranspiration rate, ETrad is the radiation term, ETaero is the aerodynamic 
term, λ is the latent heat of vaporization, Rn is net radiation at surface, G is the soil heat flux, ρ is 
the atmospheric density, cp  is the specific heat of moist air, (ea -ed) is the vapor pressure deficit, 
ea  is the saturation vapor pressure at temperature, ed  is the actual vapor pressure, rc  is the crop 
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canopy resistance, ra  is the aerodynamic resistance, Δ is the slope of the vapor pressure curve, 
and γ is the psychrometric constant given by equations 7 and 8, respectively.  Default values for 
these parameters were used, as recommended by Simunek et al. (2009). 
 ∆=
4098𝑒𝑎
(𝑇+237.3)2
        (7) 
 𝛾 =
𝑐𝑝𝑃
𝜀𝜆
∗ 10−3 = 0.00163
𝑃
𝜆
     (8) 
Instead of using a crop coefficient for calculating the actual ET (FAO, 1990), Hydrus uses ET0 as 
the flux boundary condition until the critical surface pressure head is reached, after which it uses 
the pressure head boundary condition to calculate the actual evaporation flux (through the 
Richards equation). Because the soil profile was shallow compared to field soil-groundwater 
scenarios, the system was modeled as a finite lysimeter that drains freely under gravity (details of 
the Hydrus solution are presented by Simunek et al., 2009). The boundary conditions at the soil–
atmosphere interface may change from a prescribed flux (unsaturated soil conditions) to a 
prescribed head type condition (for saturated soil). For the unsaturated soil condition (ψz < 0), the 
surface boundary condition is given by: 
|𝐾(𝜓) (−𝐾𝑧
𝜕𝜓
𝜕𝑧
− 𝐾𝑧)| = 𝑃 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒    (9) 
 
where P is the precipitation (L/T);  
 
For saturated soil conditions, the surface boundary condition is given by: 
 
𝜓𝑧 = 0       (10) 
22 
 
 
At the outlet, the hydraulic gradient is disrupted by the filter membrane, and the soil matrix 
therefore acts as a lysimeter with a seepage face. Water is assumed to drain once the bottom is 
saturated and a zero head condition (free-drainage) is set as the boundary condition. 
The model was set up to continuously simulate meteorological conditions over the period of 
08/01/11 – 11/20/11 with a time step of 1 minute. Temperature, relative humidity, wind speed, 
and incoming and reflected solar radiation were input into the model. At times, there were gaps 
in wind speed data and these were filled with values recorded at the University of Illinois 
Urbana-Champaign Willard Airport weather station obtained from the National Oceanic and 
Atmospheric Administration’s National Climatic Data Center (NCDC) website.   
Because of the highly nonlinear nature of unsaturated ﬂow, prediction of flow through the 
vadose zone requires knowledge of unsaturated soil hydraulic properties, speciﬁcally the 
hydraulic conductivity function and the soil water retention function. Inverse optimization was 
used to calibrate the soil water retention function parameters using the non-dominated sorting 
genetic algorithm II (NSGA II) (Deb et al. 2002).  θr, θs, α, n, and Ks were adjusted by the 
genetic algorithm to optimize the fit. The objective function for the calibration algorithm was set 
to minimize the sum of square errors (SSE) of the instantaneous runoff rate leaving the green 
roof system for the storms considered (equation 11). 
      𝑆𝑆𝐸 =  ∑(𝑥𝑖 − 𝑥0)
2      (11) 
where xi = instantaneous modeled runoff and xo = instantaneous measured runoff. 
The characteristics of individual storms were evaluated by calculating the relative percent 
difference (RPD) as follows: 
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      𝑅𝑃𝐷 =  (
𝑦𝑖−𝑦𝑜
𝑦𝑜
) ∗ 100%     (12) 
where yi = modeled variable and yo = measured variable. The calibration and validation results 
are included in the following section. 
2.4 Results and Discussion: 
2.4.1 Runoff Observation from Conventional and Green Roofs  
Four rainfall-runoff events measured at the BIF at the University of Illinois were used to 
calibrate the Hydrus-1D model and another four storms were used for verification. While there 
were many more storms that occurred during the two periods, we tried to select storms that 
resulted in substantial runoff and that showed reasonable runoff results. For instance, some 
storms that were preceded by a dry period were measuring higher runoff volumes than the total 
rain depths. Upon visiting the green roof site for inspection, we noticed that small seeds that fit 
the diameter of the orifices in the weir, were lodged in the orifices, resulting in higher transducer 
depth readings. We periodically inspected the drains and cleared the orifices of any seeds. The 
end of a storm was defined as 6 hours after the last measured drop of rain occurred. The 
calibration was done for a continuous period from August 1 – November 20, 2011 (storms 1-4). 
The verification was done on another set of four storms, one occurring on November 23, 2011 
and the other three between March 5– June 19, 2012 (storms 5-8).  The measured storms differed 
in intensity and duration, with storm 1 (08/23/11), storm 7 (5/28/12), and storm 8 (6/16/12) being 
high intensity (> 0.0254 cm/min), short-duration (< 5 hours) rainfall events; storm 2 (10/19/11), 
storm 3 (11/3/11), storm 4 (11/20/11), and storm 5 (11/22/11) being  low intensity, long duration 
(> 5 hours) rainfall events, and storm 6 (4/15/12) being a low intensity (≤ 0.0254 cm/minute), 
short duration rainfall event. The storms also had different antecedent soil moisture conditions. 
Table 2.5 provides statistics for the rainfall and runoff leaving the conventional roof (CR) and 
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green roof (GR) for all eight storms. It is evident that the green roof is capable of significant 
attenuation in peak runoff rate with reductions ranging from 70% up to 97% depending on the 
type of storm. This is within the 60-80% decrease in peak runoff rate range reported by Getter et 
al. (2007).  The green roof also delays the time to peak runoff by up to 314 minutes. Alfredo et 
al. (2010) reported 100% retention for up to 10 minutes from the onset of a storm for 3 modular 
roofs of soil depths ranging between 2.5 – 10.1 cm. A reduction in total volume of runoff leaving 
the roof is also observed with retentions ranging between 18% - 70%. Literature values show 
extensive roofs to retain stormwater volumes between 27 –90% (Sherrard and Jacobs 2012; 
Alfredo et al. 2010; Mentens et al. 2006; Bengtsson 2005; VanWoert et al. 2005). The low 
retention rate of 18% for storm 1 can be attributed to the intense storm that produces a large 
volume of runoff in a short period of time. Even though storms 2 and 3 are larger storm events 
than storm 6, larger volumes of water are retained for these storms because they have dryer 
initial soil moisture and longer durations. These storms demonstrate that retention volumes vary 
from storm to storm and are a function of storm volume, intensity, and initial soil moisture. 
Sherrard and Jacobs (2012) reported different retention volumes for modular roofs depending on 
the storm intensity and antecedent soil moisture; light storms (<10mm) generally had 100% 
retention except for when the soil was wet at the beginning of the storm. The average stormwater 
retention for light (< 10 mm), medium (≥10 and < 25 mm) and heavy ( ≥25 mm)  storm events 
were 73, 39, and 16% respectively. 
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Table 2.5 Statistics for the measured rainfall-runoff on conventional roof and green roof 
 
Storm 1 Storm 2 Storm 3 Storm 4 Storm 5 Storm 6 Storm 7 Storm 8 
Rainfall Start Time 
8/23/11 10/19/11 11/3/11 11/7/11 11/22/11 4/15/12 5/28/12 6/16/12 
11:32 0:22 4:16 10:04 5:49 20:22 23:23 22:13 
Rainfall End Time 
8/23/11 10/20/11 11/3/11 11/7/11 11/22/11 4/16/12 5/29/12 6/17/12 
14:01 5:44 16:57 17:17 20:50 1:21 3:28 0:24 
Rainfall Duration (min) 149.0 1879.0 761.0 954.0 901.0 299.0 257.0 131.0 
Peak CR RO (10
-3
 cm/min) 152.4 25.4 25.4 25.4 25.4 25.4 127.0 101.6 
Peak GR RO (10
-3
 cm/min) 28.0 4.8 6.0 0.6 4.8 7.7 9.5 5.5 
Ratio of Peak GR RO to Peak CR 
RO (10
-2
) 
18.4 19.0 23.8 2.5 19.0 30.3 7.5 5.4 
Time to Peak CR RO (min) 94.0 1000.0 223.0 521.0 393.0 186.0 43.0 5.0 
Time to Peak GR RO (min) 109.0 1186.0 347.0 835.0 458.0 211.0 48.0 43.0 
Delay in Time to Peak RO bw CR 
& GR (min) 
15.0 186.0 124.0 314.0 65.0 25.0 5.0 38.0 
Soil Moisture at beginning of storm 
(%) 
21.6 32.9 30.8 37.9 39.2 25.5 19.8 21.2 
Total CR RO volume (cm) 2.5 3.9 3.1 0.8 2.7 1.0 1.7 1.5 
Total GR RO volume (cm) 2.0 2.5 2.0 0.1 1.2 0.8 0.6 0.4 
Ratio of total GR RO volume  to 
total CR RO volume (10
-2
) 
82.5 63.5 65.1 15.7 46.6 75.9 33.9 26.2 
*CR = conventional roof, **GR=green roof, ***RO = runoff
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2.4.2 Calibration and Validation  
 Table 2.6 compares the van Genuchten parameters used in this and other studies. The GA 
converged with the following optimized parameters: ϴr = 0.172, ϴs = 0.315, α = 0.151/cm, n = 
2.166 and Ks = 0.11 cm/min, which are different than those to which they are compared to in 
Table 2.6. These parameter values are within 20% of the corresponding parameter values 
previously found for vulcaflor by Palla et al. (2009), except for the saturated hydraulic 
conductivity being smaller by an order of magnitude. It should be noted that Palla e al (2009) 
used a Hydrus 2-D model that took into account lateral subsurface flow whereas our model is 
limited to vertical flow through the substrate.   The parameters differ significantly from Hilten et 
al. (2005). Metselaar (2012) reported a wide range of literature values for GR substrates such as 
fine subsoil sand, subsoil peat, topsoil clayey peat, and peat moss, which highlight the varying 
compositions of green roof substrates.  
Table 2.6 Van Genuchten parameters used in different green roof studies 
 
θr θs α  n Ks  
 
(cm/cm) (cm/cm) (cm
-1
)   (cm/min) 
Our results 0.17 0.32 0.15 2.17 0.11 
Palla et al. (2009) 0.17 0.40 0.12 2.28 4.80 
Hilten et al. (2005) 0.05 0.57 0.07 2.32 1.72 
Metselaar (2012) 0.00 0.36 1.03E-02 1.32 7.50E-04 
(min/max)* 0.01 0.94 5.96E-02 2.17 6.94E-01 
* Metselaar (2012) had a range of values.  The upper row is the minimum and the lower row is the maximum of the 
range used. 
The instantaneous measured rainfall and runoff on the green roof and the calibrated runoff 
hydrographs are shown in Figure 2.4. Summary statistics of the measured, calibrated, and 
validated runoff data are provided in Table 2.7. The modeled time to peak runoff rate for all 
storms is within 5% of the measured values. The measured and simulated peak runoff rates are 
generally within 20% except for storm 1 with a relative percent error of 63%. The relative error 
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between the calibrated and measured total volume of runoff is 36 and 44% for storms 1 and 2, 
respectively, and less than 1% error for storms 3 and 4.  
 
Figure 2.4 Measured and modeled runoff hydrographs leaving the green roof for validation 
storms (August – November 2011) 
 
 
The double mass curves of measured and simulated runoff volumes with respect to total rainfall 
volumes for the calibrated storms are shown in Figure 2.5a. The double mass curve is plotted to 
compare the cumulative runoff relative to rainfall and check if the measured and simulated 
runoff are proportional. Of the 13.1 cm of rain considered over the four month period, the green 
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roof releases 8.4 cm of runoff and retains 4.7 cm, or 36.2% of the total rainfall. Figure 2.5b plots 
the cumulative measured runoff against the cumulative simulated runoff. The high R
2
 indicates 
that the observed and predicted runoff values are related. The predicted total runoff falls within 
0.51 cm of the observed total runoff. In both Figure 2.5a and Figure 2.5b a vertical jump in the 
graphs can be seen; this is where the instrumentation failed and recorded runoff when there was 
no precipitation. 
 
 
Figure 2.5 a) double mass curves for calibration storms, b) scatter plot of measured vs 
calibrated runoff 
 
The instantaneous measured and modeled rainfall and runoff on the green roof for the validation 
storms are shown in Figure 2.6. Summary statistics of the measured and calibrated runoff data 
are provided in Table 2.7. Simulated total runoff volumes for all storms are within 44% of 
observations, except for storm 8; i.e., the peak runoff rate is over predicted by 100%, total runoff 
volume is over predicted by 137%, and time to peak is within 25%. This is most likely due to 
measurement errors based on the observation that only 0.4 cm of runoff were generated for 1.5 
cm of rainfall, and while other storms of similar size and initial conditions had a greater fraction 
a b 
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of the rainfall runoff. The peak runoff rate is over predicted by 50% for storm 5, while it is 
within 23% and 10% for storms 6 and 7, respectively. These errors are comparable to the relative 
percent errors calculated by Palla et al. (2009).   
 
Figure 2.6 Measured and modeled runoff hydrographs leaving the green roof for validation 
storms (November 2011 and April – June 2012) 
 
 
The double mass curves for the period between March – June 2012 are shown in Figure 2.7. For 
11.6 cm of rain, the green roof retains 71% (or 8.1 cm) of the total volume.  The double mass 
curves generated by the measured and modeled runoff differ by 1 cm for the four months period 
considered and are correlated as indicated by the high R
2
 value.  
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Figure 2.7 a) double mass curves for validated storms b) scatter plot of measured vs 
validated runoff 
a b 
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Table 2.7 Statistics for the measured and modeled runoff for the calibration and validation storms 
  Storm 1 Storm 2 Storm 3 Storm 4 Storm 5 Storm 6 Storm 7 Storm 8 
Peak Measured RO (10-3 cm/min) 28.0 4.8 6.0 0.6 4.8 7.7 9.5 5.5 
Peak Simulated RO (10-3 cm/min) 46.2 5.9 5.9 0.7 8.7 5.9 8.6 10.7 
RPD between measured and simulated peak RO rate 65.1 22.5 -2.8 15.2 79.6 -23.1 -10.4 94.3 
Time to Peak Measured RO Rate (mins) 109.0 1186.0 347.0 315.0 458.0 211.0 48.0 43.0 
Time to Peak Simulated RO Rate (mins) 113.0 1202.0 361.0 303.0 463.0 235.0 73.0 54.0 
RPD between measured and simulated time to peak 
RO 
3.7 1.3 4.0 -3.8 1.1 11.4 52.1 25.6 
Total Measured RO (cm) 2.0 2.5 2.0 0.1 1.3 0.8 0.6 0.4 
Total Simulated RO (cm) 1.3 3.6 2.0 0.1 1.8 0.7 0.8 1.0 
RPD between measured and simulated total RO -36.8 44.2 0.6 0.2 33.6 -11.1 43.8 135.6 
*RO: runoff, **RPD: relative percent difference 
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The main features of the calibration and validation storms are generally captured with some 
exceptions, which are due to the study limitations. The behavior of the filter membrane, the 
water drainage panel, and the moisture retention mat were not modeled. Vesuviano et al. (2013) 
showed that the moisture retention mat provides additional retention and Palla et al. (2012) show 
that the routing of the runoff at the bottom of the GR substrate to the drain results in additional  
detention. In essence, the calibrated parameters for the van Genuchten model are effective 
parameters incorporating the effect of these non-captured subsystems. Additionally, detailed 
atmospheric variability such as the direction of rainfall (i.e. non-uniform rainfall over the area) 
and the effect of the wall on one side of the green roof are not considered (see Figure 2.1), which 
may affect the modeling. Observations from the site indicate that orifices in the monitoring weirs 
can become clogged and during high winds, water in the drain can be displaced to one side or 
another resulting in additional errors in measured runoff.  Despite these challenges, the results 
suggest our modeling approach adequately captures total runoff volume as indicated by the high 
R
2
 values.  For both the calibration and validation storms, the predicted total runoff volumes are 
within 30%. 
2.4.3 Soil Moisture 
Evapotranspiration was modeled as a continuous time series allowing the simulation of changes 
in the substrate moisture content between storm events. Figure 2.8 shows that the simulated soil 
moisture deviates by 10% from the measured soil moisture on average with deviations of up to 
40% for higher soil moisture contents. This could be due to the sensitivity of the soil moisture 
probes at the higher water contents, spatial distribution of plants, and localized wind due to the 
narrow orientation of the GR. Soil moisture predictions generally agree with errors found by 
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Palla et al. (2009), indicating that the modeled ET does an acceptable job at restoring soil 
moisture between storm events.  It can also be seen that the calibration data (Figure 2.8a) are 
clustered around a wetter period compared to the verification period (Figure 2.8b) causing larger 
bias in the calibrated moisture contents. The modeled ET is satisfactory since the objective is to 
model the average hydrologic response at the scale of the green roof (260 m
2
) and not at the scale 
of a soil-moisture sensor (a few cm
2
).  
 
Figure 2.8 Plot of measured vs simulated soil moisture for the a) August calibration and  b) 
verification periods 
 
 
2.5 Conclusion 
This study models water transport through the substrate of a simple-intensive green roof and ET 
using Hydrus-1. It is capable of continuously simulating runoff and ET and calculating soil 
moisture for a continuous period, making it suitable for scaling up in a watershed model.  The 
monitoring results show that runoff reduction depends on several factors including antecedent 
soil moisture, rainfall intensity, and total volume of rainfall. The model captures the general 
features of each storm in terms of total runoff volume, peak runoff rate, and time to peak runoff 
rate. The model predicts total runoff volumes within 30% of the measured values for the entire 
a b 
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study period. It also predicts the time to peak runoff with low relative percent errors (< 12 %) 
except for 2 storms. It tends to overpredict peak runoff rates for 3 out of the 8 storms. The model 
calculates the initial (soil moisture) conditions within 10% of measured values without the user 
having to measure or input these values for each storm. The calibrated parameters for the van 
Genuchten model are effective parameters incorporating the effect of non-captured subsystems 
of the GR such as the moisture retention mat and the scale of the roof. Future research will 
explicitly model the additional retention and detention provided by to the non-captured elements. 
ET rates were a first estimate and should be refined to take into account the specific 
characteristics of the green roof plants and substrate. 
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Chapter 3 Incorporation Of Green Roofs Into  The Illinois Urban 
Hydrologic Model To  Simulate The Response Of An Urban Catchment 
To Watershed-Scale Implementation Of Green Roofs 
3.1 Abstract 
This research uses the Illinois Urban Hydrologic model (IUHM) to study the changes of urban 
catchment runoff behavior due to the incorporation of green roofs. The Calumet Dropshaft 51 
(CDS-51) catch basin, in the village of Dolton, IL, is used as a study case. Green roof runoff 
hydrographs generated by Hydrus-1D are incorporated into the CDS-51 IUHM model by scaling 
them and applying them uniformly to directly connected impervious areas of the watershed.  
Hypothetical uniform and triangular storms were used to test the influence of rainfall intensity 
and the temporal distribution, respectively. The results of the hypothetical storm simulations 
show a linear watershed scaling with % GR for the same storm depth, regardless of storm 
characteristics (duration, peak intensity, spatial distribution). The temporal distribution of rainfall 
impacts the reduction in peak runoff rate, and the delays in runoff centroid and onset of runoff, 
which scale nonlinearly with % GR addition. Wet and dry year precipitation for CDS-51 were 
also tested and the results show that the volumetric retention of stormwater by green roofs  
depends on the antecedent moisture content, even for storms of similar depths. The rainfall 
distribution of the dry year was characterized by smaller, less intense storms with wetter 
antecedent periods compared to the wet year. Addition of green roofs resulted in a total 
stormwater volume reduction for all storms simulated of 16.2% and 12.9%, for the dry and wet 
years, respectively and ponded runoff volume reduction of 17.7% and 26.0% for the dry and wet 
years, respectively. 
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3.2 Introduction 
Cities occupy less than 2 percent of the Earth's land surface with more than half of the human 
population living in them (Girardet, 2001). Stormwater runoff has been a challenge since humans 
began living in concentrated villages and urban settings (Trimble, 2007). Urban development 
dramatically increases impervious surface area and  extensively modifies hydrologic processes in 
the watershed, resulting in less evapotranspiration, greater peak flows and flooding, enhanced 
erosion, limited groundwater recharge, increased loads on wastewater treatment plants and 
reduced quality of receiving surface water bodies,  (Barbosa et al. 2012; Tillinghast et al., 2011; 
NRC, 2008; USEPA, 2007).   As such, stormwater is one of the leading sources of pollution of 
all water bodies in the United Sates (USEPA, 2007). Traditionally, state and local governments 
have concentrated their efforts on implementing conventional stormwater management practices 
to address storm water runoff and CSOs, with a focus on controlling peak flow rates and 
suspended solids concentrations, typically at the neighborhood level, and often without a 
comprehensive watershed plan that considers cumulative hydrologic effects (USEPA, 2007). A 
dramatic shift in thinking has occurred in recent years, where state and local governments are 
starting to embrace Low Impact Development (LID) practices, with the goal of maintaining or 
closely replicating predevelopment hydrology. LID practices promote stormwater infiltration, 
filtration, evapotranspiration, and on-site storage through a variety of small-scale technologies 
that, when integrated throughout a watershed, can holistically address shortcomings associated 
with and/or complement conventional stormwater management. Notable examples of these 
practices are rain gardens, green roofs, porous landscaped detention systems, permeable 
pavements, and grass swales.  
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Several studies have assessed the performance of LID implementation at the watershed scale 
mostly using lumped modeling approaches, where large areas are represented as a single 
homogeneous area characterized by average properties such as percent imperviousness or 
average curve number (CN). For instance, Carter and Jackson (2007) used the Soil Conservation 
Service (SCS) CN method to test the spatial impact of one type of LID, green roofs, in Athens, 
Georgia. Lee et al. (2013); Damodaram et al. (2010); Montalto et al. (2007); and Villarreal et al. 
(2004) computed runoff coefficients for different LID technologies and extrapolated the results 
to the watershed scale. Gunderson et al. (2011) reported how Chicago assigns an equivalence 
factor, which, when multiplied by the square footage of LIDs, results in a volume of runoff 
capture for each representative design. Hence, there exists some threshold condition at which the 
hydrologic performance of the LID practice may change abruptly. Many decision-support 
models, like the System for Urban Stormwater Treatment and Analysis Integration (SUSTAIN) 
(USEPA, 2009), are deterministic and allow for the simulation of different BMPs using process-
based mechanisms.  However, they require extensive data collection for the study area and may 
lack site-specific modeling parameters or prove to be difficult in calibration (Lee et al., 2012).   
The objective of this research was to provide a method to incorporate small-scale LID - 
specifically simple-intensive green roofs (GR) - into a probabilistic watershed model, the Illinois 
Urban Hydrologic Model (IUHM), to evaluate the effects of distributed green roofs on the 
hydrologic response of urban catchments, giving full consideration to scaling and heterogeneity. 
First, the paper briefly describes the site-scale GR model and the watershed model. Second, it 
describes the approach used to incorporate GRs into the watershed model. Third, design storms 
are run to examine the effect of rainfall temporal variability. Finally, two continuous time series 
44 
 
representing dry and wet years for the study catchment are used to explore how the time period 
between storms affects the performance of green roofs and their impact on the watershed. 
 
3.3 Method 
3.3.1  Green Roof Model: Hydrus-1D 
Previous work by the authors collected runoff and meteorological data from a 260m
2
 simple-
intensive green roof that is 20 cm in depth, located on the roof of the Business Instructional 
Facility building at the University of Illinois at Urbana-Champaign, IL. The data was used to 
calibrate a Hydrus-1D model (Simunek et al., 2009) and determine the van Genuchten moisture 
retention parameters for the green roof media. The van Genuchten parameters were determined 
to be: residual soil moisture, ϴr = 0.172, saturated soil moisture, ϴs = 0.315, inverse of the air 
entry pressure, α = 0.151/cm, pore size distribution index, n = 2.166, and saturated hydraulic 
conductivity, Ks = 0.11 cm/min. The green roof retains water until its matrix reaches field 
capacity, thereafter water drains by gravity to the underlying drainage layer that routes the flow 
to the sewershed drainage system. In general, the green roof can retain most of the water of small 
storms but for larger storms, the degree of retention will depend on how saturated the soil is at 
the beginning of the storm. Stormwater retention for all storms (small and large) depends on the 
antecedent soil moisture. This is important when simulating a continuous series of storms as the 
roof may not retain any water even for smaller storms if the initial soil moisture is saturated. 
 
The model was set up to run continuous simulations of storm events and keep track of 
evapotranspiration and soil moisture. While the calibrated green roof is located in Urbana-
Champaign, IL, we use that same model for the greater Chicago area with the assumption that 
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the two areas are climatically similar. In order to incorporate the site-scale response of green 
roofs into the watershed model, Hydrus 1-D was first run stand-alone and the runoff hydrographs 
were extracted and scaled by the appropriate percentage of green roofs to be added to the 
watershed. The method is described in detail in section 2.2. Also, time series of the moisture 
content of the green roof media was output from the model. 
 
3.3.2 Incorporation of Green Roofs into the watershed model: Illinois Urban Hydrologic 
Model (IUHM) 
Instead of lumping areas, the approach in this study allows the modeler to subdivide an urban 
catchment into representative homogeneous areas. IUHM simulates the response of those areas 
and combines these responses probabilistically to simulate the overall catchment response. 
IUHM accounts for heterogeneity and areal characteristics efficiently due to the following 
aspects: first, it uses probabilistic techniques to quantify the relationship between variables at 
different scales, enabling the model to capture complex heterogeneity within sub-catchments at 
different scales. Second, the geomorphologic dispersion due to the heterogeneity of path lengths 
in the network is taken into consideration by the travel time distribution. Third, IUHM was 
designed in a way where only a subset of the full deterministic dataset could be used while still 
adequately representing the mean and variance of the input parameters, thus reducing the need 
for large, burdensome data input (Cantone and Schmidt, 2011). Thus, by 
categorizing/subdividing the watershed, heterogeneity within subcatchments can be reduced. 
Because of the effective consideration of scaling and heterogeneity, IUHM provides an ideal 
platform that allows us to explore for the first time the effect at the catchment scale of 
incorporation of small-scale hydrologic processes, like green roofs. Appendix A describes the 
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theoretical framework of IUHM. For more information regarding the IUHM framework, see 
Cantone (2010).   
Urban catchments in IUHM are characterized by two types of surfaces: pervious and impervious. 
When green roofs are added, they represent a third type of surface behaving as nearly pervious 
before saturation.  GRs provide some specific detention in between wetting until field capacity, 
thereafter behaving according to the underdrain. Green roofs work in a sequential manner with 
the other two types of overland areas. We assume that green roofs replace roofs located in the 
directly connected impervious areas of the watershed. When rain falls on green roofs, a fraction 
of the rainfall may be retained in the GR substrate and once it reaches its field capacity, runoff 
leaving the GR via the underdrains is routed over the impervious overland area first before 
entering the sewer system. In contrast, excess flow from overland areas can enter the sewer 
system directly or after passing over another overland area. Once the green roof runoff is routed 
to an overland area, it combines with the precipitation that falls on that overland area, and then 
follows the overland flow paths. Because runoff passes the green roof and overland areas 
sequentially, green roof runoff can be regarded as a delayed rainfall process that supplements the 
precipitation falling on the receiving overland surface. An assumption of spatial uniformity is 
made for green roof runoff routing in this case, meaning that the inflow from the green roof is 
assumed to be equally distributed over the area receiving the green roof runoff. This allows the 
green roof runoff to be received as additional rainfall by scaling it by the ratio of the green roof 
area to the area of the overland region receiving this flow. By superimposing the rainfall 
intensity and the scaled, synchronized green roof runoff, an equivalent rainfall event can be 
derived for the overland area where green roof runoff is routed as shown in Figure 3.1. 
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 Green roof coverage in the watershed is controlled by introducing a variable, gr_ratio, which is 
a percentage of the impervious area that would be replaced with green roofs. Figure 3.1a shows 
the response of the watershed to a hypothetical storm when there are no green roofs. Figure 3.1b 
shows the site-scale response of a single green roof to the hypothetical storm. Figure 3.1c 
illustrates how a new equivalent rainfall event can be derived for the new, reduced impervious 
area by superimposing the original rainfall intensity with the synchronized green roof runoff 
response to the same hypothetical triangular storm. This method conserves the total amount of 
rain falling on the watershed (see equations 1-7) and accounts for the delayed runoff response 
due to the addition of green roofs. 
𝑄 = 𝑖(𝑡) ∗ 𝐴      (1) 
where Q is the total rainfall volume falling on the original impervious area, A, and i(t) is the 
rainfall intensity. When green roofs are added, the new impervious area, Aimp_new, and the area 
occupied by the green roofs, Agr, are given by equations (2) and (3), respectively. 
𝐴𝑖𝑚𝑝_𝑛𝑒𝑤 = 𝐴 ∗ (1 − 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)     (2) 
𝐴𝑔𝑟 = 𝐴 ∗ 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜      (3) 
The rainfall volumes on the new impervious area, Qimp_new, and the green roof area are given by 
equations (4) and (5). 
𝑄𝑖𝑚𝑝_𝑛𝑒𝑤 = 𝑖(𝑡) ∗ 𝐴𝑖𝑚𝑝𝑛𝑒𝑤 = 𝑖(𝑡) ∗ 𝐴 ∗ (1 − 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)   (4) 
𝑄𝑔𝑟 = 𝑖𝑔𝑟(𝑡) ∗ 𝐴𝑔𝑟 = 𝑖𝑔𝑟(𝑡)(𝐴 × 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)    (5) 
where igr(t) is the modified inflow as a result of introducing green roofs. The total rainfall 
volume on the entire area is given by equation (6): 
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𝑄 = 𝑄𝑖𝑚𝑝_𝑛𝑒𝑤 + 𝑄𝑔𝑟 = 𝑖(𝑡) ∗ (𝐴 × (1 − 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)) + 𝑖𝑔𝑟(𝑡) ∗ (𝐴 × 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜) = 𝑖(𝑡) ∗ 𝐴 =
𝑖(𝑡)(𝐴 × (1 − 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)) + 𝑖𝑔𝑟(𝑡) ∗ (𝐴 × 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)      (6) 
 
The modified rainfall intensity (i*) then is given by equation (7): 
𝑖∗(𝑡) =
𝑖(𝑡)[𝐴×(1−𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)]+𝑖𝑔𝑟(𝑡)(𝐴×𝑔𝑟_𝑟𝑎𝑡𝑖𝑜)
𝐴
    (7) 
          = 𝑖(𝑡)(1 − 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜) + 𝑖𝑔𝑟(𝑡) × 𝑔𝑟_𝑟𝑎𝑡𝑖𝑜 
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Figure 3.1 Schematic showing the incorporation of green roof response into IUHM 
 
 
A 
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Tang (2012) implemented single-event green roof simulation in IUHM and compared the results 
with green roof implementation in the stormwater management model (SWMM). This study 
modified IUHM to incorporate green roofs and simulate a continuous series of rainfall events 
taking into account antecedent substrate moisture content of the green roof. Rainfall data is first 
run through Hydrus-1D and the runoff hydrographs are scaled with the ratio of GRs to be added 
to the watershed and input into IUHM.  We assumed that green roofs replace roofs directly 
connected to impervious areas in the watershed.  The ability to perform continuous simulations 
will allow us to examine in more depth how green roofs behave over a longer period of time and 
if the inter-event period influences their performance at the watershed scale. The output from 
IUHM that will be used in the analysis section are the time-series of the runoff hydrographs at 
the outlet of the watershed for the different scenarios tested. 
 
3.4 Case Study 
3.4.1 The Calumet Drop Shaft-51 (CDS-51) Study Catchment 
The model for CDS-51 was developed because it is one of the only catchments in the Chicago 
Tunnel and Reservoir Plan (TARP) system with sufficient data to develop a detailed model that 
includes every pipe, inlet, junction, and subcatchment. A SWMM model that includes all pipes, 
junctions, inlets, and subcatchemtnes was developed for comparison with IUHM.  Also, data 
from USGS monitoring of the catchment were available that allowed the comparison between 
the modelled and observed flows.  The two models compared favorably with the monitored 
USGS data. 
 The CDS-51 catchment is a 5
th
-order complex urban system with an area of 3.2 km
2
, located in 
the Village of Dolton, IL. The order of the urban catchment refers to the Strahler (1957) ordering 
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scheme which represents a numerical measure of the branching complexity of streams (pipes) in 
the drainage network as shown in Figure 3.2. Each rain drop that falls on an overland region 
within the watershed is assumed to move successively from lower order to higher order conduits 
until it reaches the outlet. The catchment captures combined storm and sanitary flows and 
delivers them to Calumet portion of Chicago’s Tunnel and Reservoir Plan (TARP) system 
(MWRDGC, 2014, Cantone, 2010) (see Figure 3.3a).  
 
Figure 3.2 Example of a 5th order urban system of pipes. Each branch represents a pipe 
order 
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TARP collects storm and sanitary flows from a 971 km
2
 service area spanning the City of 
Chicago and 51 suburbs. Within this area lie in excess of 400 combined sewer systems that were 
originally designed to flow to CSO points scattered throughout the waterways in Chicago. In 
addition to the CSO network, there is a network of interceptor sewers that conveys flow to the 
various water reclamation plants in the TARP service area (Cantone, 2010). The combined sewer 
network feeding CDS-51 collects storm and sanitary flows for a service area with inlets in excess 
of 800 and conveys it to CDS-51 via a network of about 722 pipes. Dry weather flows are 
intercepted by two MWRDGC interceptor sewers at the corner of 158th Street and Ellis Avenue, 
as shown in Figure 3.3b.  During wet weather events, flows are initially intercepted by the 
MWRDGC interceptor sewers which convey flow to the Calumet Water Reclamation Plant. 
When the treatment plant reaches capacity, flow is directed towards the CSO outfall and 
conveyed to TARP. If and when TARP reaches capacity, the combined sewage overflows into 
the Little Calumet River (Cantone, 2010). In recent years, there has been an increase in storm 
activity in Chicago. During heavy rainfalls, Chicago is susceptible to flooding of viaducts and 
basements of businesses and residences, which can cause extensive damage to properties and 
transportation systems, as well as cause severe overflows into Lake Michigan (Cantone 2010; 
Changnon and Westcott, 2002). 
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Figure 3.3 a) CDS-51 Catchment Location Plan b) schematic of CDS-51 hydraulic network 
connections (Cantone, 2010) 
 
a 
b 
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3.4.2 Scenarios Tested 
3.4.2.1 Site-scale scenarios 
The rainfall series used for site-scale analysis are (1) four hypothetical uniform rainfall events 
with a total depth of 2.032 cm and varying intensities and durations and (2) three hypothetical 
triangular storms with a total depth of 2.032 cm and a duration of four hours, with varying times 
to peak intensity, generated by the methodology proposed by Yen and Chow (1980). A constant 
duration is chosen for the triangular storms to test the impact of varying the time to peak 
intensity. The four uniform rainfall events are a) Uniform_0.5T: 10.16 mm/hr for 2 hours, b) 
Uniform_T: 5.08 mm/hr for 4 hours, c) Uniform_2T: 2.54 mm/hr for 8 hours, and d) 
Uniform_4T: 1.27 mm/hr for 16 hours.  The three triangular storms have peak intensities at a) 1 
hour, b) 2 hours, and c) 3 hours. All storms were run in Hydrus-1D assuming dry initial 
conditions with moisture content equal to 0.178. 
The four hypothetical uniform storms are chosen in order to capture the response characteristics 
of green roofs to simple rainfall series and to eliminate the effect of temporal distribution of 
rainfall.  If the hydrologic response of GRs is purely volumetric then all four uniform storms 
should result in the same GR response.  However, we hypothesize that the response is a function 
of rainfall intensity as well as total rainfall volume.  Hence, high-intensity, short duration storms 
are expected to have different responses than low-intensity, long duration storms.    
Since the four uniform storms are uniform, information about the behavior of the peak runoff 
rate may be lost.   Increasing the complexity of the hypothetical storm to a triangular one with a 
clearly defined peak allows us to examine the temporal variability. A four-hour duration for the 
triangular storm was chosen to examine how green roofs respond to short rainfall events, especially 
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ones with high intensity. While most storms will be of longer duration and smaller intensity than the 
four-hour storm, the four-hour storm represents a typical design storm for calculating the peak. 
We analyze the response of a green roof to the hypothetical storms by comparing it to a base case 
where there is no green roof in place, but instead a conventional roof (CR). We assume that a 
typical conventional roof design results in essentially all the precipitation from the roof 
translating quickly to runoff.  Therefore, CR runoff was computed assuming that the residence 
time on the roof and abstractions are negligibly small. The relative percent differences (RPD) in 
total runoff, peak runoff rate, and centroid of runoff between the conventional and green roofs 
are calculated using equation 8. The delay in onset of runoff is the difference in time between the 
start of the CR and GR runoff. 
𝑅𝑃𝐷 = (1 −
𝑦𝑖
𝑦0
) ∗ 100%     (8) 
where yi and y0 are the runoff variables from the GR and CR, respectively. A positive RPD for 
the total runoff volume and peak runoff rates represents a reduction and a negative RPD for 
centroid of runoff represents a delay. All reductions and delays will be plotted on the positive y-
axis in the results section. 
 
3.4.2.2 Watershed-scale scenarios 
The hypothetical design storms were all run with the assumption that the initial soil moisture is 
the same. One key factor with GRs is their ability to recover water storage capacity over time.   
Therefore, examining the response to long-term rain records allows us explore how the time 
period between storms affects the water recovery capacity of the green roof matrix. A 10-year 
rainfall record from 2001-2012 for CDS-51 was used to calculate a 10-year average annual 
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rainfall for the watershed. Yearly cumulative rainfall was then plotted against the 10-year 
average cumulative rainfall to determine wet and dry years as shown in Figure 3.4. The year 
2010 was wet, and consistently wetter than the 10-year average. The year 2012 was dry; it 
exhibited average rainfall in the fall and winter and a dry period for the warmer, latter part of the 
year. Two continuous simulations for a single green roof were made for April – October of 2010 
and 2012 using Hydrus-1D. The period of April-October was chosen for each year of study as 
the temperatures were above the freezing point. Simulation of snowmelt is beyond the scope of 
this study. Input data for Hydrus-1D included hourly precipitation for CDS-51 and temperature, 
wind speed, and relative humidity obtained from the National Oceanic and Atmospheric 
Administration (NOAA) Automated Surface Observing System data for the Chicago Midway 
Airport Station (NOAA, 2014) and net solar radiation obtained from the National Solar 
Radiation Database, U.S. Department of Energy, for the Chicago Midway Airport Station 
(USDOE, 2014).  
The rainfall and output hydrographs for all the hypothetical storms and the 2010 and 2012 time 
series were then scaled, as described above, for the different green roof scenarios to be tested and 
input into IUHM to test the impact of GRs at the watershed scale. It was assumed that the 
application of green roofs is uniform across all orders of the watershed. In reality, this might not 
be the case as not every conventional roof might be able to be retrofitted with a GR. The scope of 
this study is to examine the performance of GRs under the best-case scenario, but future studies 
would refine the method to examine in more detail which roofs would be feasible for 
replacement with GRs.    GIS analysis showed that a maximum of 40% of the impervious area of 
CDS-51 is made up of roofs (Tang, 2012). Four green roof scenarios for the watershed were 
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tested, where green roofs replace conventional roofs in the impervious areas of the watershed: 
10%, 20%, 30%, and 40% green roofs.  
For continuous series of rainfall events, IUHM determines if a particular storm is large enough to 
be called an event by determining if there is sufficient rain to satisfy the watershed depression 
storage plus a fraction of the depression storage (1.3 times depression storage). As long as rain 
occurs, depression storage is incremented. If there are periods of no rain, the depression storage 
begins to recover. Once the depression storage is fully recovered, and there is 6 hours with no 
rain, then the storm is considered to have ended. 
We analyze the response of the watershed to the addition of green roofs by comparing the 
watershed outlet runoff time series to a base case where there are no green roofs in place. The 
relative percent difference (RPD) in total runoff, peak runoff rate, centroid of runoff and time to 
peak runoff rate for each 10% incremental addition of green roofs is calculated using equation 8 
previously shown. 
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Figure 3.4 Plot of yearly cumulative rainfall against the 10-year average cumulative 
rainfall for CDS-51 between 2001-2012 
 
3.5 Results and Discussion 
3.5.1 Hypothetical Storm Results 
3.5.1.1 Site-Scale 
Figure 3.5a-d and Figure 3.6a-c show the site-scale rainfall-runoff hydrographs for the 
hypothetical uniform and triangular storms, respectively. Figure 3.5e-h and Figure 3.6d-g 
summarize the percent reduction in total runoff volume, peak runoff rate, centroid of peak 
intensity, and the delay in time for onset of runoff for the four uniform storms and the triangular 
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storms, respectively, with respect to runoff that would occur from a conventional roof. Tables 
B.1 and B.2 in Appendix B contain the data for all the bar plots in Figure 3.5e-h and Figure 3.6d-
g, respectively. Figure 3.5a-d shows that the shape of the runoff hydrograph tends to be flatter 
with a smaller peak rate for longer duration, lower intensity rainfalls than for more intense, short 
duration storms, and the peak runoff intensity generally increases with rainfall intensity. Figure 
3.6c-d shows that there is a sharp increase in the rising limb of the runoff hydrographs occurring 
after the peak rainfall intensity, followed by a gradual receding tail for the short duration, high 
intensity events.  
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Figure 3.5 a-d) Response of single green roof to uniform rainfalls, 2 cm in depth with varying 
durations equal to a) Uniform_0.5T= 2 hours, b) Uniform_T = 4 hours, c) Uniform_2T = 8 hours,  
and d) Uniform_4T = 16 hours;  e-h) relative percent difference between GR and CR for changes in 
e) total runoff  f) peak runoff rate, g) runoff centroid, and h) onset of runoff 
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Figure 3.6 a-c) Response of single green roof to triangular rainfalls, 2 cm in depth, T = 4 
hours in duration, with times to peak (Tp) equal to a) Tp = 60 min, b) Tp = 120 min,  c) Tp 
= 180 min; d-g) relative percent difference  between GR and CR for changes in d) total 
runoff  e) peak runoff rate, f) runoff centroid, and g) onset of runoff 
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At the site scale, the GR retains a constant amount of rainfall regardless of storm duration and 
intensity of the uniform storms (Figure 3.5e). This is most likely because any water on the GR in 
excess of the field capacity will drain by gravity. Figure 3.5f shows that the GR dampens the peak 
runoff rate. While it may seem that this dampening effect is minimal to negligible for the low 
intensity, long duration rainfalls, it is important to note that the comparison is relative to the very 
small rainfall intensities of these storms (Uniform_4T and Uniform_2T). The dampening effect 
is more apparent for the higher intensity, shorter duration rainfalls (Uniform_T and 
Uniform_0.5T) because of the higher peak rainfall intensities for these storms. Figure 3.5g shows 
that the delay in runoff centroid is almost uniform for all four storms with a slightly higher delay 
for the longer duration, less intense storms. The delay in the onset of runoff tends to increase for 
longer duration, lower intensity storms (Figure 3.5h).  
Figure 3.6d-g sheds some insight on how the timing of the peak rainfall intensity might affect the 
response of the GR. Figure 3.6d shows a similar response as that of the uniform storms; the GR 
captures a constant amount of water for all storms of equal depth, regardless of storm 
characteristics. Figure 3.6e-f shows that when the peak rainfall intensity occurs later in the storm 
(Tp = 180 min) the reduction in peak runoff rate and delay in runoff centroid tends to be lower 
than for storms with a peak intensity that occurs sooner. This could be due to the storm with Tp = 
180 minutes allowing enough time for the GR to reach field capacity by the time that the peak 
rainfall intensity occurs, resulting in a higher peak runoff discharge rate. Additionally, for the 
triangular rainfalls where the peak intensity occurs earlier on in the storm, the runoff 
hydrographs have longer tails resulting in a shifted runoff centroid. The delay in onset of runoff 
increases for rainfalls with the storm peak occurring later in the storm as one would expect, as 
shown in Figure 3.5g. 
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3.5.1.2 Watershed Results 
Figure 3.7a-d and  Figure 3.8a-c show the response of the watershed, under the four varying 
scenarios of green roof implementation, to all four uniform storms and all three triangular 
storms, respectively. Also shown on each graph for comparison is a plot of the base scenario, 
where no green roofs are implemented. One common feature to all the graphs is that the addition 
of green roofs results in a delay in the onset of runoff and peak runoff rate and a prolonged tail of 
the hydrograph.  Figure 3.7e-h and Figure 3.8e-f summarize the percent marginal changes in 
total runoff volume, peak runoff rate, centroid of peak intensity, and the delay in time for onset 
of runoff for the uniform and the triangular storms, respectively, at the watershed scale. The data 
for all Figure 3.7e-h and Figure 3.8e-f can be found in Tables B3 and B4 in Appendix B.   
For all the uniform and triangular storms, the decrease in total runoff is approximately constant 
for all the storms and increases linearly with each 10% incremental addition of GRs.  Two likely 
reasons for this constant retention is the same initial moisture conditions for all the storms tested 
and the design of the GR: as previously mentioned, once the matrix reaches field capacity, water 
drains out of the matrix and enters into the watershed sewer network via the GR underdrains 
(Figure 3.7e and Figure 3.8d). These results present a bounding case for volume reduction as 
they are all based on design storms with the same dry initial conditions.  We expect the results to 
differ when considering a time series of rainfall events and that during wet periods, the volume 
reduction is likely to diminish. 
There is a significant reduction in peak runoff rate for the shorter duration, more intense uniform 
storms but a fairly small to negligible reduction for the longer duration, less intense storms 
(Figure 3.7f). For the shorter, more intense uniform storms (Uniform_2T and Uniform_4T), the 
marginal reduction in peak runoff rate is constant; it decreases linearly with each incremental 
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addition of GRs. This trend for the shorter duration, more intense storms is also observed in the 
response of the triangular storms as shown in Figure 3.8e. While the short, intense storms result 
in a bigger relative reduction in peak runoff rate compared to the longer, less intense storms, the 
actual values of peak runoff rate of the watershed are higher for the more intense storms. 
The delay in runoff centroid increases for the longer duration, lower intensity, uniform storms, as 
expected. The marginal change in runoff centroid slightly increases for each incremental addition 
of GRs for all storms (Figure 3.7g). The marginal delay in runoff centroid increases with each 
10% addition of GRs. This trend is also observed for the triangular storms (Figure 3.8f). 
The delay in onset of runoff is highest for the longest duration, least intense uniform storm and 
decreases as the uniform storms get shorter and more intense. The marginal change increases for 
each incremental addition of GRs (Figure 3.7h). The triangular storms exhibit a smaller delay in 
onset of runoff with values in between those for the Uniform_T and Uniform_0.5T. The longest 
delay occurs for the triangular storm with the peak intensity skewed to the right, with Tp = 180 
min. The shortest delay is for the storm with the peak intensity skewed to the left, Tp = 60 min 
(Figure 3.8g). 
The results of the design storms show, on average, a linear scaling of volume reduction with % 
GR addition, for equal storm depths, regardless of the temporal distribution and peak rainfall 
intensity. This behavior is most likely unique to the particular LID in use, green roofs, since any 
area of green roof would receive the same amount of rainfall and hence, behave similarly. This 
might not apply to other LID technologies such as rain gardens, where different areas may 
receive runoff routed from upstream rain gardens, in addition to precipitation, depending on their 
spatial location within the watershed.  The reduction in peak runoff rate, and the delays in runoff 
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centroid and onset of runoff, scale nonlinearly with % GR addition, and depend on the temporal 
distribution of peak rainfall intensity.  
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Figure 3.7 a-d) response of watershed w multiple green roof scenarios to uniform rainfalls, 
2 cm in depth, with varying durations equal to a) Uniform_4T = 8 hours, b) Uniform_2T = 
4 hours,  c) Uniform_T = 2 hours, and d)Uniform_0.5T= 1hour; e-g) percent marginal 
difference for each additional increment of GRs to the watershed for changes in e) total 
runoff  f) peak runoff rate, g) runoff centroid, and h) onset of runoff 
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Figure 3.8 a-c) response of watershed with multiple green roof scenarios to triangular 
rainfalls, 2 cm in depth, T = 4 hours in duration, with times to peak equal to a) Tp = 60 
min, b) Tp = 120 min,  c) Tp = 180 min; d-g) percent marginal difference for each 
additional increment of GRs to the watershed for changes in d) total runoff  e) peak runoff 
rate, f) runoff centroid, and g) onset of runoff 
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3.5.2 Wet (2010) and Dry (2012) Year Results 
For the two years simulated, IUHM detected 36 storms for 2010 and 22 storms for 2012. There 
were many more rainfall events during the periods simulated, however, they were very small in 
depth and did not meet the criteria to be defined as an event in IUHM. Therefore, while the 
results shown below may seem to indicate long dry periods between consecutive storms, some 
smaller storms that did not generate runoff, but increased the moisture content of the GRs. may 
have occurred in between. Table 3.1 and Table 3.2 summarize the rainfall characteristics as well 
as the moisture content of the green roof at the beginning of each storm for 2010 and 2012, 
respectively. Box and whisker plots showing the distribution of all the rainfall characteristics and 
GR moisture content at the start of each storm are shown in Figure 3.9.  Figure 3.10 and Figure  
show the RPD in total runoff, Qtot, peak runoff rate, Qpeak, time to peak runoff rate, Tqpeak, and 
ponded runoff volume, Qpond, for the watershed under varying scenarios of green roof coverage 
for a few selected storms. Additional plots of all the storms are shown in Figures B.7 and B.8, in 
Appendix B. These charts are bar plots of the % marginal reduction in total runoff, Qtot, peak 
runoff rate, Qpeak, time to peak runoff rate, Tqpeak, and ponded runoff volume, Qpond, for the 
watershed under varying scenarios of green roof coverage. On the same plot is the total rainfall 
depth added for easier comparisons. 
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Table 3.1 Rainfall characteristics and green roof soil moisture at the beginning of each storm for 2010 
 
Rain Depth (cm) Rain Duration (min) Peak Rain Intensity (cm/hr) Green Roof Moisture Content Time since last storm (min) AWW1day (cm) AWW7day (cm) AWW10day(cm)
Storm 1 0.71 537 0.31 0.18 18480 0.00 0.00 0.00
Storm 2 1.96 957 0.70 0.20 1563 0.00 0.71 0.71
Storm 3 2.44 1497 0.57 0.24 1023 0.03 2.69 2.69
Storm 4 1.52 777 0.38 0.20 303 0.06 0.06 0.10
Storm 5 1.21 717 0.47 0.25 63 0.58 2.16 2.20
Storm 6 1.19 478 0.57 0.22 7262 0.00 3.30 3.37
Storm 7 1.00 958 0.27 0.25 1022 0.90 2.67 4.56
Storm 8 1.66 838 0.47 0.22 2102 0.00 2.21 2.21
Storm 9 1.89 958 0.82 0.23 62 0.03 1.71 3.05
Storm 10 1.75 957 0.69 0.25 423 0.10 3.67 3.70
Storm 11 0.75 238 0.54 0.24 62 0.53 1.16 3.04
Storm 12 3.27 418 2.27 0.21 122 0.11 0.11 1.00
Storm 13 1.05 476 0.63 0.24 1864 0.00 3.38 3.38
Storm 14 0.84 1138 0.33 0.23 722 0.12 4.55 4.55
Storm 15 0.70 717 0.19 0.24 2223 0.00 2.31 5.70
Storm 16 1.06 238 0.54 0.23 1862 0.00 0.72 1.88
Storm 17 1.35 718 0.48 0.23 602 0.02 1.73 1.93
Storm 18 1.16 418 0.79 0.24 3062 0.00 2.46 3.08
Storm 19 6.52 1018 3.08 0.24 2522 0.00 2.53 3.69
Storm 20 0.96 478 0.62 0.24 3002 0.00 7.69 9.05
Storm 21 0.91 238 0.83 0.24 1322 0.01 8.64 10.01
Storm 22 1.29 598 0.64 0.23 122 0.23 0.64 0.64
Storm 23 2.05 238 1.90 0.23 4742 0.00 1.92 1.92
Storm 24 0.53 418 0.24 0.24 1622 0.00 3.98 3.98
Storm 25 4.30 718 2.08 0.21 302 0.13 0.38 0.38
Storm 26 3.55 418 1.96 0.25 542 4.30 4.68 4.68
Storm 27 3.05 358 1.40 0.22 2522 0.00 6.70 8.18
Storm 28 4.45 838 1.39 0.23 62 0.03 3.27 11.12
Storm 29 1.73 418 1.40 0.25 1022 0.96 7.72 7.72
Storm 30 2.72 478 2.01 0.21 13322 0.00 0.00 1.73
Storm 31 3.58 1854 1.13 0.21 906 0.45 0.45 0.45
Storm 32 0.73 834 0.45 0.22 2766 0.00 0.42 0.92
Storm 33 1.15 718 0.30 0.23 3662 0.00 1.09 1.09
Storm 34 1.44 1377 0.33 0.23 63 0.23 0.43 0.76
Storm 35 2.10 537 0.90 0.20 1683 0.00 0.35 0.35
Storm 36 0.52 238 0.42 0.25 1622 0.00 2.45 2.45
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Table 3.2 Rainfall characteristics and green roof soil moisture at the beginning of each storm for 2012 
 
Rain Depth (cm) Rain Duration (min) Peak Rain Intensity (cm/hr) Green Roof  Moisture Content Time since last storm (min) AWW1day (cm) AWW7day (cm) AWW10day(cm)
Storm 1 0.95 777 0.32 0.19 63 0.14 0.14 0.14
Storm 2 1.11 838 0.36 0.23 14 0.16 0.64 0.70
Storm 3 1.3 958 0.54 0.25 122 0.07 1.79 1.79
Storm 4 1.87 718 0.61 0.24 1922 0.00 3.10 3.11
Storm 5 3.31 1677 0.75 0.24 3003 0.00 4.50 4.97
Storm 6 0.71 358 0.48 0.23 5582 0.00 3.34 5.24
Storm 7 1.74 1377 0.36 0.20 15063 0.00 0.00 0.00
Storm 8 3.09 838 1.29 0.21 62 0.21 0.21 0.21
Storm 9 1.2 178 1.15 0.20 16262 0.00 0.00 0.00
Storm 10 1.19 718 0.44 0.25 362 0.38 1.58 1.58
Storm 11 1.8 298 1.01 0.24 1562 0.00 2.77 2.77
Storm 12 4.07 837 2.36 0.21 243 0.02 0.32 0.32
Storm 13 1.36 358 0.70 0.22 6902 0.00 4.09 4.35
Storm 14 1.53 238 1.43 0.22 6062 0.00 0.47 0.72
Storm 15 1.14 654 0.30 0.23 306 0.02 1.56 2.03
Storm 16 0.84 477 0.25 0.26 14 0.49 1.66 3.18
Storm 17 0.79 478 0.36 0.25 14 0.02 2.84 2.85
Storm 18 2.38 897 0.71 0.21 14 0.01 0.04 0.12
Storm 19 2.54 1978 0.41 0.22 242 0.05 0.51 0.80
Storm 20 1.09 418 0.41 0.24 4142 0.00 2.59 3.05
Storm 21 0.69 178 0.46 0.24 3902 0.00 1.80 4.39
Storm 22 1.04 358 0.46 0.24 2942 0.00 1.36 2.59
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The plots in Figure 3.9a and Figure 3.9c indicate that the 2010 rainfall events tend to have a 
more scattered distribution of rain depths and peak rainfall intensities, and they tend to have 
higher median values for these variables compared with the 2012 events. The median rain 
duration tends to be about equal for both years as shown in Figure 3.9b. Figure 3.9d shows that 
2012 storms tend to have a more scattered distribution of dry periods between storms compared 
to 2010. There tends to be much longer periods of elapsed time where no storms occur for 2012. 
Figure 3.9e shows that the green roof moisture content tends to be wetter at the start of 2010 
storms compared to the 2012 storms. The 2010 storms are also characterized by wetter 
antecedent periods compared to 2012 as shown in Figure 3.9f-h. In summary, Figure 3.9 
illustrates that compared to 2012 rain events, the 2010 storm events tend to vary more in rainfall 
depths, having larger median rain depths. They also tend to be more intense and frequent, with 
wetter antecedent conditions and GR moisture contents at the beginning of each event.  
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Figure 3.9 Box plots showing the distribution of a) total rain depth, b) rain duration, c) peak rain intensity, d) GR moisture 
content at start of each storm, e) period since last storm, f) 24h antecedent rainfall depth, g) 7-day antecedent rainfall depth, and 
h) 10-day antecedent rainfall depth for 2010 and 2012 storms 
a b c d 
e f g h 
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Figure 3.10 2010 relative percent difference for storms 1, 2, 11, 18, 33, and 35 in a) in total runoff, b) peak runoff rate, c) time 
to peak runoff rate, d) time to onset of runoff, and e) percent change in ponded runoff volume 
a b 
c d 
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Figure 3.10 (cont.) 
e 
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Figure 3.11 2012 relative percent differences for storms 1, 2, 5, 8, 15, 22 in a) in total runoff, b) peak runoff rate, c) time to 
peak runoff rate, d) time to onset of runoff, and e) percent change in ponded runoff volume 
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Figure 3.11 (cont.) 
e 
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The storms selected in Figure and Figure  were chosen to highlight the difference in performance 
for storms that may have similar depths and different initial moisture contents. For 2010, storms 
1 and 11 are very small in depth with very different initial moisture contents, θ (storm 1 = 0.71 
cm, θ= 0.18; storm 11 = 0.75 cm, θ=0.24); storms 18 and 33 have similar depths and initial 
moisture contents (storm 18 = 1.16 cm, θ=0.24; storm 33 = 1.15cm, θ=0.23); and storms 2 and 
35 are bigger in depth and have the same initial moisture contents (storm 2 = 1.96 cm, θ=0.2; 
storm 35 = 2.1 cm, θ=0.2). The  2012 storms are as follows: storms 1 and 22 are small in depth 
with different initial moisture contents (storm 1 = 0.95cm, θ=0.19; storm 22=1.04 cm, θ=0.24); 
storms 2 and 15 are small in depth with the same initial moisture contents (storm 2=1.11cm, 
θ=0.243; storm 15 = 1.14cm, θ=0.23); and storms 5 and 8 are larger storms with different initial 
moisture contents (storm5 = 3.31cm, θ=0.24; storm 8 = 3.09 cm, θ=0.24).  Figurea and Figure a 
indicate that for both the 2010 and 2012 events, when there is volume reduction for a particular 
storm, it tends to scale linearly with % GRs. Also, adding GRs does not result in a constant 
volume reduction for storms of equal depth. For instance in 2010, storm 1 results in a higher 
volume reduction than storm 11 and in 2012, storm 1 results in a higher volume reduction than 
storm 22.   The reason appears to be the difference in moisture content of the GR at the 
beginning of the storms; the GR has drier conditions for the two storms that provide more 
volume reduction. For 2010, storms 2 and 35 have similar depths and equal moisture contents, 
and result in almost the same volume reduction. For 2012, storm 8 performs better at volume 
reduction than storm 5, which has a higher initial moisture content. Under the maximum scenario 
of 40% GR coverage on the impervious roof area, a volume reduction for the full length of the 
periods simulated amount to 12.9% for 2010 and 16.2% for 2012. Additionally, the ponded 
runoff volume is reduced by 17.7% for 2010 and 26.0% for 2012. Recalling that in Figure 3.9, 
78 
 
2012 is characterized by smaller rainfall events with longer periods between storms, compared to 
2010, the results indicate that GRs may be more effective for smaller storms separated by 
sufficient periods of time that allow them to recover their moisture capacity. The changes in time 
to onset of runoff, peak runoff rate, time to peak runoff rate, and total ponded volume appear to 
scale nonlinearly with % GR addition. The performance tends to vary for the different storms 
and is most likely attributed to other rainfall characteristics such as rain duration, peak rainfall 
intensity, antecedent dry weather period, time to peak rainfall intensity, and antecedent wet 
weather period.  
Because the results indicate that there are several variables that influence the performance of 
green roofs at the watershed scale, multiple regressions were run to determine if a relationship 
exists between the total runoff volume, time to onset of runoff, peak runoff rate, and time to peak 
runoff rate of the watershed and the rain depth, rain duration, peak rainfall intensity, green roof 
moisture content at beginning of each storm, time since last storm, and the rainfall depth during 
the antecedent wet weather period 1 day, 7 days, and 10 days prior to the beginning of each 
storm. The regressions were run for both years simulated with one base scenario including no 
green roofs and four scenarios of varying green roof coverage (10%, 20%, 30%, 40% green 
roofs).  Both linear and nonlinear multiple regressions were run and the results showed the same 
relationships. A summary of the multiple regression analysis for the 2010 scenario under 10% 
GR coverage is shown in Table 3.3. Detailed results for both years under 0-40% GR coverage 
scenarios are presented in Tables C.1-C.10 in Appendix C. The results of the multiple 
regressions indicate that the rain depth and the green roof moisture content appear to have a large 
influence on total runoff volume, Qtot, for both years tested, as can be seen by their coefficients 
that are statistically significant at the 1-5 % level (Tables C.1 and C.2). For the wet year, 2010, 
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the time to onset of runoff, Tq0, is highly influenced by the time to peak intensity (1% 
significance) up to 30% application of GRs. The 40% GRs does not seem to be influenced by 
any of the variables against which it is tested. This could be an indication that once application of 
GRs exceeds 40%, a significant change in hydrology occurs for this particular watershed. For the 
dry year, 2012, the base case and all four GR scenarios are influenced by Tq0, at the 1% level. 
Additionally, the AWW7 and AWW10 appear to influence Tq0, for the 10-20% GR scenarios at 
the 1-5% significance level for both years. The peak runoff rate, Qpeak, is primarily influenced by 
the peak rainfall intensity (5% significance or lower) for both years simulated. None of the 
variables listed above appear to have significance on the time to peak runoff rate. The rain depth 
appears to influence the ponded runoff volume at the 10% significance level or less. 
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Table 3.3 Summary of multiple regression analyses for the 2010 scenario under 10% GR coverage 
 Qtot T0 RO Qpeak TQpeak Qpond 
Intercept 
-13649.021*** 
(1707.997) 
93.921 
(192.423) 
-55.638 
(58.900) 
-356.014 
(302.342) 
-508.379* 
(203.850) 
Rain Depth 
29073.085*** 
(576.474) 
-152.755* 
(65.189) 
26.471 
(19.880) 
185.010 
(102.045) 
366.827*** 
(90.407) 
Duration 
-0.269 
(0.348) 
0.101* 
(0.039) 
-0.004 
(0.012) 
-0.006 
(0.062) 
-0.096 
(0.071) 
Max. Intensity 
312.241 
(945.140) 
-9.890 
(106.749) 
421.598*** 
(32.593) 
-322.291 
(167.304) 
201.088 
(153.789) 
Time to Max. Intens. 
0.424 
(0.806) 
0.516*** 
(0.091) 
0.038 
(0.028) 
0.613*** 
(0.143) 
0.168 
(0.119) 
Time btw Storms 
0.083** 
(0.029) 
0.001 
(0.003) 
0.001 
(0.001) 
0.005 
(0.005) 
0.004 
(0.005) 
AWW1day 
107.597 
(317.658) 
54.734 
(35.792) 
14.855 
(10.954) 
-71.098 
(56.230) 
-39.768 
(48.030) 
AWW7day 
122.136 
(202.622) 
-64.738** 
(22.843) 
0.468 
(6.987) 
10.763 
(35.867) 
-9.703 
(30.384) 
AWW10day 
-177.323 
(168.258) 
62.664** 
(18.969) 
0.132 
(5.802) 
-33.460 
(29.784) 
5.528 
(24.816) 
GR Soil Moisture 
35530.028*** 
(7467.817) 
-52.182 
(841.257) 
89.859 
(257.526) 
2126.173 
(1321.920) 
1718.215 
(893.185) 
R
2
 0.999 0.810 0.988 0.751 0.940 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
.
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3.6 Conclusion 
This paper presents a method to simulate and understand the relationship between site-specific 
stormwater management and watershed -scale responses using IUHM, specifically examining the 
hydrologic impact of green roofs at the watershed scale.   IUHM has been demonstrated to be an 
effective tool to simulate watershed-scale hydrologic response of green roofs, taking into account 
local-scale heterogeneity. 
The results of the hypothetical storm simulations show a linear watershed scaling of volume 
reduction with % GR for the same storm depth, regardless of storm characteristics (duration, 
peak intensity, spatial distribution).   The temporal distribution of rainfall impacts the reduction 
in peak runoff rate, and the delays in runoff centroid and onset of runoff, which scale nonlinearly 
with % GR addition. 
The results of the wet and dry year simulations show different results for storms of similar depths 
and demonstrate that the antecedent soil moisture in addition to rainfall depth play an important 
role in determining the effectiveness of green roofs.  Multiple regression analysis indicates that 
the same variables tend to influence the runoff characteristics of both wet and dry years 
simulated. The total rainfall depth and the green roof soil moisture have the most significance on 
the total runoff for 2010 and 2012. The time to onset of runoff and the peak runoff rate are highly 
impacted by the time to peak rainfall intensity and the peak rainfall intensity, respectively, for 
both years. The times to peak runoff rates for both years tested appear to be uninfluenced by the 
regression variables we tested them against. The ponded runoff volume appears to be impacted 
by rainfall depths. These results highlight the complexity in attributing changes in watershed 
outlet runoff characteristics, due to the addition of GRs, to a single rainfall characteristic (e.g. 
rainfall depth). 
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The study provides insight on the behavior of one type and design of low-impact technology 
(green roof) when scaled up to the watershed scale over an extended period of time. It 
demonstrates that an assumption of a fixed water retention could lead to incorrect estimates of 
GR performance in the long run. Meanwhile, while there may be negligible runoff volume 
reduction for some storms, there might still be reduction and delays in peak runoff rate and time 
to peak runoff rate when the initial moisture content of GRs is dry. The GR runoff was assumed 
to be applied uniformly over the impervious area in IUHM, when in reality the GR runoff is 
routed to impervious areas through pipes. This assumption does not impact the excess runoff 
from the impervious area but could influence the peak runoff rate. The influence of this 
assumption was beyond the scope of this study, but it could provide a topic for future research.  
Future research could also examine the behavior of different designs of green roofs (different 
type and depth of substrate) and simulate different types of LIDs (e.g. rain gardens, pervious 
pavement) into the watershed model to determine the cumulative effect of multiple LIDs. An 
extension of this research will assess the cost-effectiveness of using GRs to manage stormwater 
runoff in watersheds taking into account nonmarket benefits.  
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Chapter 4 Scaling of benefits from watershed-scale green roof intervention 
using the Village of Dolton, Illinois as a case study 
4.1 Abstract: 
Stormwater runoff from classic urban development practices can cause negative externalities 
including effects on health, recreation opportunities, and environmental amenities. This study 
attempts to quantify some of the private and external benefits associated with reduction in 
stormwater volumes that could be achieved by green roofs (GR) at the watershed scale by using 
benefit transfer. The analysis is based on the hydrological analysis at the watershed level scaling-
up from the local level. The costs and benefits  considered are the installation costs of 
conventional and green roofs, and reduced energy use, reduced stormwater treatment costs, 
reduced combined sewer overflow treatment and storage costs, and consumer willingness to pay 
for increased infiltration and decreased street flooding due to the implementation of green roofs. 
The Village of Dolton, IL, a catchment in the Greater Chicago Area was used as a case study and 
wet and dry year conditions for the catchment were used to determine the net present value 
(NPV) ($) of replacing conventional roofs (CR) with green roofs under varying coverage 
scenarios. The installation price of GRs presents the highest cost compared to the benefits 
associated with stormwater reduction and reduced energy.  For the GRs replacing the expensive 
CRs, the NPV is positive but decreases with each 10% increase of GRs, meaning that the 
marginal benefits decrease with each 10% addition of GRs. Conversely, for GRs replacing the 
cheaper CRs, the NPV is negative and decreases with each 10% increase of GRs, meaning that 
the marginal costs increase with each 10% addition of GRs. The valuation analysis showed that 
private benefits in the form of reduced energy use account for the greatest benefits A breakdown 
of the external benefits from uniform spatial distribution of GRs in the catchment shows that the 
highest external benefits in descending order are from the willingness to pay (WTP) for 
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decreased street flooding, WTP for increased infiltration, combined sewer overflow (CSO) 
storage reduction (for 2012 only), stormwater treatment volume reduction, and CSO treatment 
volume reduction. Varying the spatial location of green roofs within the watershed results in 
higher benefits when GRs are distributed uniformly across all orders followed by GRs placed on 
second order areas with the smallest benefits occurring for GRs placed on first order areas. This 
analysis was performed on an existing sewershed network; for new developments, the benefits 
from reduced stormwater volumes could be higher if the cost of building a new treatment plant is 
taken into account.  Taking into account other ancillary benefits such as the reduction in the 
urban heat island effect, and reduction in air and noise pollution would increase the NPV of 
green roofs. 
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4.2 Introduction 
Increased urbanization dramatically increases impervious surface area and  extensively modifies 
hydrologic processes in urban watersheds, some of which include less evapotranspiration, greater 
peak flows and flooding, increased loads on wastewater treatment plant, and reduced quality of 
receiving surface water bodies,  (NRC, 2008; USEPA, 2007). Of special concern in the Great 
Lakes region are the effects of combined sewer overflows (CSOs) and nonpoint source pollution 
on water quality.  There are almost 200 communities in the Great Lakes basin with CSOs 
discharging more than 40 billion gallons of diluted sewage into the Great Lakes annually 
(Chicago Tribune, 2011; NWF, 2010).  These impacts are further exacerbated by factors 
attributed to climate change such as changes in the frequency and volume of precipitation. 
According to the USEPA’s (2008) Clean Watersheds Needs Survey 2008 Report to Congress, 
the nation needs to invest at least $298 billion in its aging sewers, $187.8 billion for wastewater 
treatment and collection systems, $63.6 billion for combined sewer overflow corrections, and 
$42.3 billion for storm water management, all in the face of decreasing resources.  Over the past 
20 years, state and local governments have concentrated their efforts on implementing 
conventional stormwater management practices to address storm water runoff and CSOs. 
Billions of dollars are being invested in tunnels in cities across the country to capture CSOs (e.g., 
Chicago, $3.7 billion, MWRDGC, 2013; St. Louis, $2.7 billion, STLMSD, 2011; Washington 
DC, $2.6 billion, DCWater, 2013).  
A dramatic shift in thinking has occurred in recent years, where Federal, state and local 
governments are starting to embrace Low Impact Development (LID) practices, with the goal of 
maintaining or closely replicating pre-development hydrology. LID practices promote 
stormwater infiltration, filtration, evapotranspiration, and on-site storage through a variety of 
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small-scale technologies that, when integrated throughout a watershed, can holistically address 
shortcomings associated with and/or complement conventional practices. Notable examples are 
rain gardens, green roofs, and permeable pavements. Recently, requirements to include LID 
stormwater practices have been incorporated into the Long Term Control Plan (LTCP) Consent 
Decrees for several cities.  For example, St. Louis will include $100 million of LID in their 
LTCP and Chicago and Washington DC will incorporate LID in their LTCPs (UIM, 2012; 
DCWater, 2012). 
 
Resistance to LID acceptance is primarily due to perceived higher costs and reduced 
effectiveness, unknown performance, and regulatory hurdles (NRC, 2008). Lack of technical 
details, such as the watershed-scale performance, can influence and bias the decision-making 
process when selecting appropriate systems (Vivattene and Ellis, 2013).  Environmental and 
ancillary benefits of LID have traditionally not been considered when evaluating projects 
because they can be difficult to quantify.   The USEPA (2007) developed 17 case studies of sites 
that implemented LID practices, and identified capital costs savings between 15 to 80 percent for 
all but one site (USEPA, 2007). The USEPA also documented positive externalities that include 
social and environmental benefits, but these were not quantified. LID encompasses a wide range 
of practice with different local- and watershed-scale impacts, different technical constraints, and 
different costs and benefits.  
In recent years, several studies have quantified the benefits of reduced stormwater runoff due to 
the implementation of green stormwater infrastructure at the watershed scale. These benefits 
include reduction in energy consumption, mitigation of the urban heat island effect, reduction in 
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stormwater volumes to be treated, sound and noise insulation, and ecological preservation 
(Berardi et al., 2014; Wang et al., 2013; Bianchini and Hewage, 2012; DeSousa et al., 2012; 
Clark et al., 2008; Niu et al., 2010; Saiz et al., 2006). A common approach in these studies is to 
assume that the LID technology can retain a fixed volume of rain water or that the areas where 
LID are added can be modeled with average runoff coefficients (Wang et al. 2013; Bianchini and 
Hewage, 2012; Blackhurst et al., 2010; Carter and Keeler; 2008; Clark et al., 2007; Kosareo and 
Ries, 2007; Montalto et al., 2007). While these studies have made major advances in quantifying 
the benefits of LID technology, the assumption that water retention is fixed for every rainfall 
event or that average coefficients are sufficient to represent large areas as single homogeneous 
areas, may not always apply to every LID (or green roof) design, climate, or watershed. For 
example, green roofs designed with underdrains will convey any water in excess of field capacity 
to the sewershed network. This retention will be maximum when the green roof media has dry 
initial moisture content at the beginning of a storm. If the initial moisture content is wet, the 
retention capacity will be much less than the amount required to reach field capacity, even if 
total storm depth is small.  
 
In this study, we perform continuous simulations for representative wet and dry years for 
a study catchment in a suburb of Chicago, IL, in order to gain more insight into how the 
performance of green roofs over extended periods of time translates into benefits.  We use 
benefit transfer to quantify the multiple benefits and costs of one type of LID intervention, 
specifically green roofs (GR), based on the scaling-up process of hydrology under the impact of 
GRs at the watershed scale. The city of Dolton, IL is used as a case study. The present value of 
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net benefits of GRs will be calculated and the implications for GR expansion, management 
strategies, and policy development will be discussed. Runoff results from a mechanistic model of 
green roofs at the site scale are scaled up and integrated into a separate watershed model that is 
capable of discerning the effects of the heterogeneity and variability of land surfaces in different 
spatial scales. This modeling technique is a unique approach compared to other studies that have 
assessed the impact of GRs on watershed hydrology. The amount as well as the location of green 
roofs within the watershed will be varied to test the effect of density and spatial distribution of 
GRs on the hydrologic response of the watershed. Time series of watershed outlet runoff and 
street ponded runoff hydrographs, calculated by the watershed model, are used to calculate the 
external (public) and private benefits (Figure 4.1). The external benefits are due to reduced 
stormwater treatment volumes, reduced grey infrastructure to manage street flooding, and 
consumer willingness to pay (WTP) for decreased street flooding and increased infiltration due 
to adoption of green roofs. The private benefits include the energy (heating and cooling) benefits 
from increased building insulation. The capital cost and operation and maintenance cost of 
replacing conventional roofs with green roofs are also included. While many other benefits can 
be provided by green roofs such as noise insulation, mitigation of the first flush, and reduction in 
air pollution, these are not included in the analysis as currently there are no valuation metrics for 
them. The economic analysis is based on the watershed hydrologic response under the varying 
scenarios of GR coverage, thus the economic analysis does not assume a linear supposition of the 
benefits and costs. While some costs and benefits remain fixed regardless of rainfall and are only 
a function of the density of GRs (e.g. savings from reduced energy use, GR installation and 
operation and maintenance costs), other benefits related to the volume of runoff are not. The 
benefits that vary with each storm (stormwater treatment costs, combined sewer overflow storage 
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and treatment costs, and WTP for reduced street flooding and for increased infiltration) will be 
calculated on an event basis and summed up for the period of analysis, instead of basing the 
valuation on fixed performance for every storm type. 
 
Figure 4.1 Private and External benefits due to implementation of green roofs at the 
watershed scale 
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4.3 Materials and Method 
4.3.1 Models 
4.3.1.1  Site-scale model of green roof: Hydrus-1D 
Previous work outlined in chapters 2 and 3 collected runoff and meteorological data from a 
260m
2
 extensive green roof that is 20 cm in depth, located on the roof of the business 
instructional building at the University of Illinois at Urbana-Champaign, IL. The data was used 
to calibrate a Hydrus-1D model (Simunek et al., 2009) and determine the van Genuchten 
moisture retention parameters for the green roof substrate. The model was set up to run 
continuous simulations of storm events and keep track of evapotranspiration and soil moisture. 
While the calibrated green roof is located for Urbana-Champaign, IL, we use that same model 
for Dolton, IL, with the assumption that the two areas are climatically similar. In order to 
incorporate the site-scale response of green roofs into the watershed model, Hydrus 1-D is first 
run stand-alone and the runoff hydrographs are extracted and scaled by the appropriate 
percentage of green roofs to be added to the watershed as outlined in Chapter 3 and illustrated in 
Figure 3.1. 
 
4.3.1.2 Watershed model: Illinois Urban Hydrologic Model (IUHM) 
IUHM is a probabilistic model developed by Cantone and Schmidt (2010) for simulating 
complex urban sewer systems. It is based on the original geomorphological instantaneous unit 
hydrograph (GIUH) concept developed by Rodriguez-Iturbe and Valdes (1979), which uses the 
geomorphological structure of a natural basin to characterize the runoff hydrograph as a travel 
time distribution that is a function of the hillslope and channel network response. The Strahler 
(1957) ordering scheme and Horton’s (1945) laws are sufficient for predicting the GIUH without 
the need for additional input data. 
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Input to the model is rainfall series which is assumed to be distributed uniformly in space and 
uniformly abstracted to satisfy depression storage in both pervious and impervious regions. For 
impervious regions, excess overland flow occurs once depression storage is satisfied. For 
pervious regions, infiltration excess rainfall is the key runoff mechanism. The Green and Ampt 
method is used to determine the infiltration rate. Excess rainfall from pervious regions is 
assumed to flow over impervious regions first before reaching an artificial gutter, while flow 
from impervious regions contributes directly to the gutter. Inlet hydraulics are taken into account 
as well as surcharge flow from the previous time step if the inlet or conduit had insufficient 
capacity. 
 
In chapter 3, IUHM was modified to incorporate green roofs and simulate a continuous series of 
rainfall events taking into account antecedent moisture content of the green roof substrate. 
Rainfall data was first run through Hydrus-1D and the runoff hydrographs were then scaled with 
the ratio of GRs to be added to the watershed and input into IUHM.  We assumed that green 
roofs replace roofs directly connected to impervious areas in the watershed.  The ability to 
perform continuous simulations allows one to examine how green roofs behave over longer 
periods of time and determine if the inter-event period influences their performance at the 
watershed scale. The outputs from IUHM that will be used in the analysis section are the time-
series of the outlet runoff hydrographs and street ponded runoff hydrographs for the different 
scenarios tested. 
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4.3.1.3 Incorporation of site-scale response into watershed model 
Figure 3.1 in Chapter 3 illustrates how output from the first model (Hydrus 1-D) is used as input 
into the second model (IUHM). The site-scale model of the green roof, Hydrus-1D, is run as 
stand-alone and the runoff hydrographs generated are scaled based on the percentage of green 
roofs that will replace part of the impervious area of the watershed. The modified IUHM model 
that incorporates the response of green roofs will be run for the different rainfall and green roof 
implementation scenarios. The output generated by IUHM that will be used for the economic 
analysis is Qtot, the total runoff volume at the watershed outlet, and Qpond, the ponded volume of 
runoff on the streets. Qpond is surcharge flow that ponds outside the conduit inlets due to 
insufficient inlet or conduit capacity. In this study, we make the assumption that Qpond can be 
used to represent the combined sewer overflows. 
4.3.2 Costs and Benefits 
4.3.2.1 Life-cycle inventory assessment 
Previous studies indicate that the construction materials of the life cycle stage (e.g., concrete and 
asphalt components, rock and soil aggregates, pipes, polymers), independent of precipitation and 
runoff characteristics, account for the majority of greenhouse gas (GHG) emissions by green 
infrastructure (Wang et al., 2013; Moore and Hunt, 2013; Bianchini and Hewage, 2012; De 
Sousa et al. 2012; Spatari et al., 2011). However, when the fixed (nonuse) stage (raw material 
extraction and production, material waste and transportation, infrastructure installation, and 
infrastructure maintenance) of the life cycle inventory assessment (LCIA) of green roofs is 
compared to conventional roofs and conventional stormwater management infrastructure, several 
studies show that the environmental impacts (associated with embodied carbon, fossil fuel 
depletion, etc.) of conventional roofs and conventional stormwater infrastructure outweigh those 
of green roofs over the life span of the project (Wang et al. 2013; Bianchini and Hewage, 2012; 
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Kosareo and Ries, 2006; Saiz et al., 2006). This is mainly due to the longevity of a green roof 
and the reduced emissions from reduced energy usage due to the added insulation. Although 
these studies were performed on different designs of green roofs and for different geographical 
locations, we make the assumption that similar results would be calculated for the green roof 
design that we use. Thus, no life cycle inventory assessment is carried out in this research and it 
will be assumed that over the life of the project, the net environmental impacts associated with 
the material and construction of green roofs are less than or equal to other conventional 
alternatives for managing stormwater runoff.  
 
4.3.2.2 Treatment Cost 
Green roofs may retain water and reduce the total volume of water that is conveyed to treatment 
plants.  In order to calculate the benefits in reduced treatment costs, we calculated the reduction 
in total runoff volume and total ponded runoff volume for each GR scenario tested. This was 
done by comparing the total watershed outlet runoff and total ponded runoff volumes under each 
scenario of green roof coverage to the base case scenario with no green roofs. The difference in 
watershed outlet runoff volumes and the difference in ponded runoff volume between each 
scenario and the base case represent the reduction in the amount of stormwater requiring 
treatment and the reduction of combined sewer overflow volumes that require capture and 
storage and subsequent treatment, respectively. We used the Metropolitan Water Reclamation 
District of Greater Chicago’s (MWRDGC) estimate for the average cost of treating its 
wastewater and stormwater which is equal to $0.02427/m
3
 or $29.94 per acre foot (CNT, 2014).   
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4.3.2.3 Reduced Energy 
The plants and substrate of green roofs offer added insulation to a building and added cooling 
through evapotranspiration. Banting et al. (2005) reported direct energy savings of 4.15 kWh/sq. 
m/year for a green roof compared to conventional roofs. The Center for Neighborhood 
Technology (CNT) recommends using equation 1, as defined by the United States 
Environmental Protection Agency (USEPA), to calculate the overall heat transfer coefficient, 
ΔU.  CNT also suggests using the cooling degree day (CDD) and heating degree day (HDD) 
normals to estimate how much energy is needed to keep buildings cool and warm. The CDD and 
HDD normals for Chicago Midway Airport were obtained from the National Climatic Data 
Center of the National Oceanic and Atmospheric Administration (NOAA, 2014). Using a base 
temperature of 18.3 ˚C (65˚F), the CDD and HDD were calculated to be 563 ˚C (1045 ˚F ) days 
and 2636 ˚C (4777 ˚F) days, respectively. 
∆𝑈 = (
1
𝑅𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝑟𝑜𝑜𝑓
) − (
1
𝑅𝑔𝑟𝑒𝑒𝑛 𝑟𝑜𝑜𝑓
)                                                    (1) 
where R is the thermal resistance of a material to heat flow. 
Clark et al. (2008) estimated the R-value for conventional roofs and green roofs as RCR = 2.0 
m
2˚C /W (11.34 ft2˚F.hr/Btu) and RGR = 4.1 m
2˚C /W (23.4 ft2˚F.hr/Btu), respectively. We 
assume that cooling and heating are provided by electricity and natural gas, respectively. The 
U.S. average retail price for electricity and natural gas are $0.1013/kWh and $0.012/kWh 
($3.861/MBtu), respectively (US EIA, 2014). While there is the additional social benefit of 
reduced carbon emissions associated with reduced energy use, this benefit was not quantified to 
avoid double counting. As described earlier in the text, several studies concluded that the net 
environmental impacts associated with the LCIA of green roofs are less than or equal to other 
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conventional alternatives for managing stormwater runoff, only when the longevity and reduced 
carbon emissions (due to reduced energy use) of green roofs are accounted for. 
4.3.2.4 Nonmarket Valuation 
Ecosystem services are most easily valued when there is a market value for a particular good. In 
many cases there is no market value for ecosystem services (e.g. clean water body, increased 
infiltration, increased evapotranspiration etc.) and hence nonmarket valuation must be used 
(Wise et al., 2010).  The economic approach to valuation is an anthropocentric approach based 
on utilitarian principles. An anthropocentric approach assumes that human beings assign value 
on goods/services or other species based on their value to humans. Utilitarian values stem from 
the ability to provide welfare or overall well-being to an individual or group of individuals based 
on human preferences. It also assumes that there is potential for substitutability between the 
different sources of value that contribute to human welfare. Societal values are the aggregation 
of individual values assigned by the individual’s preferences or marginal willingness to trade one 
good or service for another (NRC, 2004). Methods for determining nonmarket values include 
revealed preference, stated preference, and avoided cost analysis. Revealed preference methods 
use market transactions to infer the value of a nonmarket good or service. For instance hedonic 
pricing assumes that the price of a good is a function of several attributes of that good and 
attempts to isolate the contribution of a given characteristic to the total price. Stated preference 
methods such as choice experiments (CE) use surveys to illicit individuals’ willingness to pay for 
a good/service (Wise et al., 2010). CE analysis assumes that utility is derived from the different 
attributes of a good rather than the good itself and tries to estimate a value for each utility 
(Cadavid and Ando, 2013). Avoided cost analysis examines marginal cost of providing the 
equivalent service in another way such as by valuing rainfall retention by using a water utility’s 
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management cost for each additional cubic meter of runoff (Wise et al., 2010). To date, there is 
only one published valuation study conducted by Cadavid and Ando (2013) that measured 
consumer preferences for stormwater management provided by green infrastructure for a 
community in Champaign-Urbana, IL. While our current study site is in Dolton, Il, it is located 
approximately 193 km from Champaign-Urbana, and hence, we make the assumption that WTP 
determined by Cadavid and Ando (2013) applies to the village of Dolton, IL. 
Cadavid and Ando (2013) applied a CE valuation method to estimate people’s willingness to pay 
for several outcomes of green stormwater management in Champaign-Urbana, Illinois. 
Respondents were provided with background information about stormwater management 
problems and ways to control them and then presented with six management choices with varied 
values. The six attributes were frequencies of street, backyard, and basement flooding, surface 
water quality, groundwater infiltration, and cost (stormwater utility bill). Respondents could 
choose from current stormwater management levels, three proposed levels of stormwater 
management, and no new stormwater management projects. The respondents were then asked for 
their willingness to pay for green stormwater management. The results of the survey indicate that 
people place positive value on hydrological improvements associated with LID and are willing to 
pay $0.394 per percent decrease in street flooding frequency per year and $0.637 per percent 
increase in infiltration rate per year.  The results also show that people are WTP $38.975 and 
$44.956 for a change in water quality from boatable to fishable and swimmable, respectively. No 
hydrologic analysis was performed on simulating/predicting the change in water quality due to 
implementation of GRs in the watershed  as this was beyond the scope of the study, hence the 
benefits from improved water quality are not considered.  While green roofs don’t increase 
infiltration, we use the amount of water retained by green roofs as a proxy for infiltration. The 
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amount of rain water retained by green roofs and the volume of reduced street flooding are 
described earlier in the text. Because Champaign-Urbana and Dolton are in Illinois and there are 
no other stormwater valuation studies for the area to our knowledge, we use the above results in 
our analysis. In order to calculate the total WTP for the village of Dolton, we use the census data 
reported for the number of households in Dolton which is 8,083 households (U.S. Census 
Bureau, 2014). 
4.3.2.5 Avoided Construction Cost  
Municipalities can deal with CSOs by upgrading and enlarging existing grey infrastructure or 
using offline storage such as surface storage tanks, deep tunnels, detention basins, and retention 
basins. For urbanized areas, real estate for offline storage of stormwater is often unavailable and 
very expensive to invest in. This is where green roofs may be advantageous since they do not 
require any additional real estate. Table 4.1 provides a summary of selected storage cost 
estimation equations adapted from Heaney et al (2002).  
 
Table 4.1 Estimated Capital Cost of Storage as a Function of Volume (Heaney, 2002) 
 
 
In order to determine the 2014 price, the cost equations are adjusted using the consumer price 
indices for 2014 (BLS, 2014) as shown in equation 2. 
Type Cost Equation ($1,000) Volume (Range) Volume (Units) Year
Reservoir C = 160V0.4 104 - 106 Acre-ft 1980
Covered Concrete Tank C = 614V0.81 1- 10 Mgal 1976
Concrete Tank C = 532V0.61 1- 10 Mgal 1976
Earthen Basin C = 42V
0.61
1- 10 Mgal 1976
Clear Well, Below Ground C = 495V
0.61
1- 10 Mgal 1980
Clear Well, Ground Level C = 275V
0.61
0.01 - 10 Mgal 1980
CSO Storage Basin C = 3637V0.83 0.15 - 30 Mgal 1993
CSO Deep Tunnel C = 4982V0.8 1.8 - 2,000 Mgal 1993
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𝑃𝑟𝑖𝑐𝑒𝑐 = 𝑃𝑟𝑖𝑐𝑒0 ∗
𝐶𝑃𝐼𝑐
𝐶𝑃𝐼0
     (2) 
where Pricec and Price0 are the current and base year prices, and CPIc and CPI0 are the current 
and base year consumer price indices, respectively. For this study, we assume that any ponded 
flow would have to be captured and stored in a CSO storage basin for subsequent treatment. 
4.3.2.6 Capital and Operation and Maintenance Costs of Roofs 
Clark et al. (2007) and Niu et al (2010) performed net present value analysis to compare the 
benefits of green roofs over conventional roofs in reducing stormwater, energy, and air pollution. 
They included the installation costs for conventional and green roofs but did not take into 
account annual operation and maintenance cost since they assumed that they are incurred only 
during the first two years, until plants are established, and represent a very small fraction of the 
total cost. They also assumed that conventional roofs would be replaced in 20 years. Several 
studies report that green roofs have a 40-year life span or longer (Berardi et al., 2014; CNT, 
2014; Sproul et al. 2014). Montalto et al. (2007) reported conservative values for installation 
costs of green roofs as being $194/m
2
 with operation and maintenance costs being 1% of the 
installation cost for the first two years, until the plants were established. They also documented 
the cost of conventional roofs being $92/m
2
 and assumed that conventional roofs (CRS) require 
no maintenance (unless there is damage). Sproul et al (2014) surveyed 22 studies and calculated 
median values for installation of green roofs to be $172/m
2
 and black (conventional) roofs to be 
$22/m
2
. The low cost for black roofs is attributed to the low cost of single-ply 
thermoplastic polyolefin (TPO), which the majority of the roofs are made out of. Sproul et al. 
(2014) also reported black roof costs as high as $129/m
2
 for Chicago City Hall, Illinois. Because, 
the cost for black roofs varies widely between studies ranging from $129/m
2 
to $22/m
2
, both 
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prices were used as upper and lower bounds for CR costs and the median value reported by 
Sproul et al. (2014) is used as the price for green roofs.  
4.3.3 Net Present Value Analysis 
 
We evaluate the net present value (NPV) of installing GRs rather than CRs, including all private 
and social costs and benefits. We assume that conventional roofs are typically replaced every 20 
years. The life-span of the project used is 40 years, during which conventional roofs are replaced 
once. An interest of 4.934% was used based on the 2014 20 year U.S. Government bond interest 
rate (Treasuredirect.gov, 2014). The private and external benefits are fixed annuities over the life 
span of the project and are the sum of the benefits from reduced stormwater and combined sewer 
overflow treatment volumes, reduced cooling and heating, WTP for increased infiltration and 
WTP for decreased street flooding. The additional cost of installing GRs instead of CRs occurs 
during the first year of the life-cycle analysis. An additional cost for the first two years of the 
project is incurred due to the required operation and maintenance of the GRs.  In the 20th year of 
the project, an avoided cost of having to replace CRs with new ones occurs in the form of a 
benefit. Equation 3 is used to calculate the present value of the annual benefits over 40 years and 
the annual O&M costs for the first two years. Equation 4 is used to calculate the present value of 
a one-time payment/cost or benefit made in the future, in this case it is the present value of the 
benefit (avoided cost) of not having to replace CRs after 20 years. 
𝑃𝑉 =  𝐴 ∗
1−(1+𝑖)−𝑡
𝑖
       (3) 
𝑃𝑉 =  𝐹𝑉(1 + 𝑖)−𝑡       (4) 
where PV is the present value, FV is the future value, A is the annuity, i is the interest rate, t is 
time.  
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Figure 4.2 is an example of the cashflow for the NPV analysis under 2010 rainfall for installing 
10% of roofs as GR rather than the more expensive CRs. Positive values indicate a benefit and 
negative values indicate a cost. Note that in order to maintain a readable resolution for the scale, 
the installation costs for the CR and GRs are displayed in units of $100. 
 
Figure 4.2 Cash flow for NPV analysis using 10% GR coverage and water WY2010 rain as 
an example 
 
4.4 Case Study and Scenarios  
4.4.1 Study Catchment 
A model for the Calumet Drop Shaft-51 (CDS-51) catchment was used because it is one of the 
only catchments in the Chicago Tunnel and Reservoir Plan (TARP) system with sufficient data 
to develop a detailed a model that includes every pipe, inlet, junction, and subcatchment. Also, 
data from USGS monitoring of the catchment were available that allowed the comparison 
between the modelled and observed flows.  Because of the detailed information available for this 
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catchment, CDS-51 was used as test catchment. CDS-51 is a 5
th
-order complex urban system 
with an area of 3.2 km
2
, located in the Village of Dolton, IL. The order of the urban catchment 
refers to the Strahler (1957) ordering scheme which represents a numerical measure of the 
branching complexity of streams (pipes) in the drainage network, as shown in Figure 4.3. Each 
rain drop that falls on an overland region within the watershed is assumed to move successively 
from lower order to higher order conduits until it reaches the outlet. The catchment captures 
combined storm and sanitary flows and delivers them to Calumet system of Chicago’s Tunnel 
and Reservoir Plan (TARP) (MWRDGC, 2013; Cantone, 2010).  TARP collects storm and 
sanitary flows from a 971 km
2
 service area spanning the City of Chicago and 51 suburbs. Within 
this area lie in excess of 400 combined sewer systems that were originally designed to flow to 
combined sewer overflow (CSO) points scattered throughout the waterways in Chicago. In 
addition to the CSO network, there is a network of interceptor sewers that conveys flow to the 
various water reclamation plants in the TARP service area (Cantone, 2010). The model for CDS-
51 was developed because it is one of the only catchments in the TARP system that had 
sufficient data to develop a detailed model that includes every pipe, inlet, junction, and 
subcatchment. 
In recent years, there has been an increase in storm activity in Chicago. During heavy rainfalls, 
Chicago is susceptible to flooding of viaducts and basements of businesses and residences, which 
can cause extensive property damage (Cantone, 2010). $3 billion have already been spent by 
Chicago alone on deep tunnels to capture surface water runoff, however, city planners predict 
that the tunnel system alone will not be sufficient to prevent flooding and CSO discharges 
(Chicago Tribune, 2011).  
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Figure 4.3 Example of a 5th order urban system of pipes. Each branch represents a pipe 
order 
 
 
4.4.2 Scenarios Tested 
In Chapter 3, a 10-year rainfall record from 2001-2012 for CDS-51 was analyzed and it was 
determined that 2010 represented a wet year and 2012 represented a dry year. Therefore, these 
two years were used as representative wet and dry years to calculate the reduction in total runoff 
volume and total ponded volumes. 2010 resulted in 36 storms and 2012 in 22 storms. IUHM was 
run to calculate the watershed outlet runoff hydrographs and the total street ponded runoff 
hydrographs for each scenario tested. Table 4.2 shows percent of total watershed area that is 
occupied by each order and Table 4.3 shows all the scenarios tested.  The first eight scenarios 
(1a-h) assume GRs are placed uniformly across each order of the watershed and are carried out 
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to test the effect of the density of GRs. GIS analysis showed that a maximum of 40% of the 
impervious area of CDS-51 is made up of roofs (Tang, 2012), hence the first four scenarios (1a-
d) test each incremental 10% addition of GRs up to a maximum of 40% of the impervious area. 
The imperviousness of each of the third-fifth orders represents less than 7% of the total 
watershed area, or no more than 2.5% green roof coverage of the total watershed area. Because 
the maximum available areas for addition of GRs in the third, fourth, and fifth orders are very 
small, the additional scenarios used to test the spatial distribution of GRs applies GRs only to the 
first and second orders as shown in scenarios 2-5. Scenario 1e-h are also run to compare the 
difference between placing the same amount of green roofs on first or second orders to placing 
them uniformly on all orders. The total watershed outlet runoff and ponded runoff volume for 
every storm of each year tested are used to calculate the costs and benefits listed in section 3.2 
for the base case and all the scenarios tested. The total marginal benefits for each year tested are 
calculated for each set of scenarios (scenarios 1a-d; scenarios 1e-h; scenarios 2a, 3a, 4a, 5a; 
scenarios 2b, 3b, 4b, 5b) and graphs are plotted to compare the results for different densities and 
spatial placements of green roofs.   
Table 4.2 Imperviousness and area of each order 
 
 
1st Order 2nd Order 3rd Order 4th Order 5th Order
% of watershed represented by nth order 57.47 24.67 7.52 8.51 1.83
% imperviousness of each order 57.48 58.25 57.60 73.75 60.06
% of watershed that is impervious 33.03 14.37 4.33 6.28 1.10
Area of watershed that is impervious (m
2
) 1,045,310 454,762 137,007 198,597 34,780
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Table 4.3 Scenarios tested: %GR placed on impervious area of each 
 
 
4.5 Results and Discussion 
Table 4.4 shows the total rainfall depths, total runoff volumes, QT, total ponded runoff volumes, 
Qpond, and the maximum ponded runoff volumes, Qpond_max, for 2010 and 2012, under the base 
case scenario, where no GRs area added to the watershed. Qpond_max is used to size the CSO 
storage basin. Table 4.4 highlights the importance of the choice made for the design storm or 
design year for carrying out GR performance and valuation analysis. 2012, being a dry year, 
resulted in less than 60% of total rainfall depth of 2010.  
 
1st Order 2nd Order 3rd Order 4th Order 5th Order
Scenario 1a 10 10 10 10 10 5.91
Scenario 1b 20 20 20 20 20 11.82
Scenario 1c 30 30 30 30 30 17.73
Scenario 1d 40 40 40 40 40 23.64
Scenario 1e 2.43 2.43 2.43 2.43 2.43 1.44
Scenario 1f 4.86 4.86 4.86 4.86 4.86 2.87
Scenario 1g 7.29 7.29 7.29 7.29 7.29 4.31
Scenario 1h 9.73 9.73 9.73 9.73 9.73 5.75
Scenario 2a 4.35 0 0 0 0 1.44
Scenario 2b 0 10 0 0 0 1.44
Scenario 3a 8.70 0 0 0 0 2.87
Scenario 3b 0 20 0 0 0 2.87
Scenario 4a 13.05 0 0 0 0 4.31
Scenario 4b 0 30 0 0 0 4.31
Scenario 5a 17.40 0 0 0 0 5.75
Scenario 5b 0 40 0 0 0 5.75
% 
watershed 
Percent (%) of nth order impervious area covered by green roofs
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Table 4.4 Rainfall-runoff characteristics for 2010 and 2012 for base case scenario under no 
green roofs 
 
 
Figure 4.4 and Figure 4.5 respectively present the 2014 net present value (NPV) and marginal 
net present value (MNPV) of replacing conventional roofs with green roofs assuming the roofs 
are placed uniformly across all orders. The MNPV is the incremental change in NPV from an 
additional 10% or 187,000m
2
 of roof conversion to GRs. Positive values indicate benefits while 
negative values indicate additional costs due to installing roofs with GRs instead of CRs. The 
solid lines and dashed lines represent results for 2010 and 2012, respectively. It is clear that the 
NPV of GRs is highly dependent on the type of CRs which they replace.  Over the lifetime of the 
project, the NPV of the green roof replacing the more expensive conventional roof is positive 
and slightly higher for the dry year than the wet year. The NPV of GRs replacing the cheaper 
CRs is negative, being slightly more negative for the wet than the dry year. The MNPV ($) of 
green roofs decreases with each additional 10% (or 187,000m
2
) of GR coverage.  The MNPV of 
GRs that replace the more expensive CRs tends to decrease with scaling ($3,008,804 for the first 
10% GRs  to $2,851,447 for going from 30% to 40% GR coverage using 2010 rainfall ) meaning 
that the marginal benefits decrease as more GRs are added. The negative MNPV for GRs that 
replace the less expensive CR increases with scaling (-$24,643549 for the first 10% GRs  to -
$24,800,907 for going from 30% to 40% GR coverage using 2010 rainfall), meaning the 
marginal costs increase as more GRs are added. This is likely due to marginal benefits 
Year Total Rain (cm) QT (m
3) Qpond (m
3) Qpond_max (m
3)
2010 74.6 1,006,076 10,145 2,170
2012 43.9 511,397 3,918 808
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decreasing scaling of GRs (for example, as more GRs are added the marginal reduction in street 
ponded runoff volume decreases translating into smaller benefits). 
 
Figure 4.4 Scenario 1 – 2014 NPV of installing roofs with GRs instead of a) expensive CRs, 
b) cheap CRs, under 2010 and 2012 rainfall scenarios assuming GRs are placed uniformly 
across all orders 
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Figure 4.5 Scenario 1 – 2014 MNPV of installing roofs with GRs instead of a) expensive 
CRs, b) cheap CRs, under 2010 and 2012 rainfall scenarios assuming GRs are placed 
uniformly across all orders 
 
Figure 4.6 a and b disaggregate the MNPV of all the benefits realized by the addition of GRs for 
2010 and 2012, respectively. In this study, the method for calculating the benefits  from reduced 
energy expenditure (heating and cooling) uses the added insulation provided by the GR material, 
hence, these benefits are a function of green roof area only, and they remain constant regardless 
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of rainfall conditions and the order in which they are located. Because the energy and WTP 
benefits are two orders of magnitude higher than the benefits from stormwater treatment, and 
CSO treatment they are plotted as dashed lines on the secondary axis as shown in Figure 4.6a 
and b. In general, the greatest benefits occur from reduced energy use followed by willingness to 
pay for decreased street flooding, WTP for increased infiltration, reduced CSO storage 
requirements (for 2012 only), reduced stormwater treatment volumes, and reduced CSO 
treatment volumes.  There are no benefits from reduced CSO storage requirements for 2010 as 
the storm that caused the largest CSO was very large, 6.52 cm in depth, and the green roofs had 
no effect at reducing the CSO volume.  
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Figure 4.6 Scenario 1a-d Benefits under a) 2010 and b) 2012 rainfall scenarios, assuming 
GRs are placed uniformly across all orders 
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Figure 4.7 Scenario 1- Marginal external benefits from green roofs under a) 2010 and b) 
2012 rainfall scenarios, assuming GRs are placed uniformly across all orders 
 
Figure 4.7 and Figure 4.8 compare the external benefits excluding private benefits since these are 
a function of green roof area and are equal for both years. The marginal total external benefits 
tend to decrease with increasing green roof coverage. Additionally, the wet year benefits are less 
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than those of the dry year by over 50%. This large difference is likely due to the rainfall 
distribution characteristics of both years; as shown and discussed in chapter 3, the wet year is 
characterized by larger median rain depths, more intense and frequent storms, with wetter GR 
moisture contents at the beginning of each event, and wetter antecedent periods, compared to the 
dry year. Thus, the green roofs are able to retain more of the rainfall for 2012 which translate 
into bigger benefits. 
 
Figure 4.8 Scenario 1a-d Comparison of total external benefits under 2010 and 2012 
rainfall scenarios, assuming GRs are placed uniformly across all orders 
 
Figure 4.9 compares the marginal benefits from the same area of GRs placed on only order 1, 
only order 2, and uniformly distributed on all orders. The WTP benefits are plotted on the 
secondary y-axis as they are higher by one order of magnitude than the other benefits. The 
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results indicate that spreading GRs uniformly across all orders of the watershed results in the 
highest benefits. The results also show that GRs are more effective on the second order versus 
first order areas when it comes to benefits accrued from WTP for decreased street flooding and 
reduced CSO treatment volumes. The benefits from the WTP for increased infiltration and 
reduced stormwater treatment volumes are equal regardless of order; i.e. the spatial distribution 
of GRs does not impact these benefits. Figure 4.10 is a plot of the ratio of total marginal external 
benefits accrued when GRs are placed on first or second order areas to benefits when placed 
uniformly on all areas. The ratios are calculated using equation (5). 
𝑅 =
𝑀𝐵(𝑜𝑟𝑑𝑒𝑟 𝑖)
𝑀𝐵(𝑎𝑙𝑙 𝑜𝑟𝑑𝑒𝑟𝑠)
∗ 100%                                           (5) 
where i is the order number (1 or 2), R is the ratio of marginal benefits (MB) accrued when GRs 
are placed one order at a time, to MB with GRs placed uniformly on all orders, MB(order i) and 
MB(all orders) are marginal benefits when GRs are placed on one order (1 or 2) and all orders, 
respectively. The plots show that the total external benefits are highest when GRs are placed 
uniformly on all orders followed by GRs placed on second order areas. For both years tested, the 
total external benefits accrued when GRs are placed on first and second order areas range 
between 64-70% and 76-99% of the benefits if GRs are placed uniformly on all orders, 
respectively.
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Figure 4.9a Scenarios 1e-h and 2-5. Marginal external benefits expressed as a ratio when green roofs are placed on first 
or second order areas to GRs are placed on all orders under 2010 rainfall scenario 
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Figure 4.9b Scenarios 1e-h and 2-5. Marginal external benefits expressed as a ratio when green roofs are placed on first 
or second order areas to GRs are placed on all orders under 2012 rainfall scenario 
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Figure 4.10 Scenarios 1e-h and 2-5- Ratio of benefits from green roofs placed on first order 
to second order under a) 2010 and b) 2012 rainfall scenarios 
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4.6 Conclusion: 
This project used the runoff hydrographs from a site-scale model of one type of LID, 
green roofs, and scaled up the performance to the watershed scale, using the Village of Dolton, 
IL, as a case study.  Wet and dry year conditions were used to determine the 2014 NPV of 
replacing conventional roofs with green roof under varying coverage scenarios. Reported values 
for the installation price of black roofs vary widely, ranging as low as $22/m
2
 and as high as 
$129/m
2
. The results show that the NPV of green roofs is positive if they replace expensive black 
roofs but negative if they replace the cheaper black roofs, under the current scope of the 
valuation. The MNPV of GRs that replace the more expensive CRs is positive (i.e. benefit) but 
decreases with scaling. In contrast, the MNPV for GRs that replace the less expensive CRs is 
negative (i.e. an additional cost) and increases with scaling. This is mainly due to decreased 
hydrologic improvements as more GRs are added, resulting in decreased benefits with scaling. 
The valuation analysis showed that the greatest benefits accrued were from the private benefits, 
i.e. reduced energy use. A breakdown of the marginal external benefits from uniform installation 
of GRs across all orders shows that the benefits in WTP for decreased street flooding are highest 
and the marginal WTP tend to decrease with % addition of GRs. This is followed by WTP for 
increased infiltration, followed by stormwater treatment benefits, which the marginal value of 
both remain constant with GR scaling. For the same area of green roofs, total benefits are highest 
when the GRs are distributed uniformly across all orders of the watershed, followed by placing 
GRs on second order areas with the smallest benefits occurring when they are placed on first 
order areas.   
In summary, the results indicate that GRs are most effective when distributed uniformly across 
all orders of the watershed and are more effective on the second order versus first order areas, 
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and perform better for the dry year scenario. The external benefits are sizeable and could be used 
as a guide in determining the value for incentives to promote the use of green infrastructure for 
stormwater management. Cadavid and Ando (2013) estimated WTP values for decreased 
basement and backyard flooding, and improved  water quality, however these were not included 
in the NPV analysis since the hydrologic analysis involving these benefits was beyond the scope 
of this project.  Incorporating the values of other external benefits can be used to design efficient 
policy for sustainable urban stormwater management.  It should also be noted that this analysis 
was also performed on an existing sewershed network and wastewater treatment plant. For new 
developments, the benefits from reduced stormwater volumes could be higher if the costs of 
building a new treatment plant and sewer infrastructure are taken into account. This research can 
be extended to assess the performance and benefits of different designs of green roofs and 
different types of LID technology for different climatic regions or scenarios.  Installation costs 
were assumed to be uniform and constant although they could decrease in the future with 
economies of scale. The ancillary benefits are conservative values and vary according to the 
rainfall event. Incorporation of other benefits such as the mitigation of urban heat island effect, 
improvement in the quality of receiving water bodies, reduced air pollution, ecosystem 
preservation, and sound insulation and noise reduction can increase the NPV of GRs and the 
initial installation of green roofs could become lower as the green roof industry achieves 
economies of scale. 
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Chapter 5 Summary and Conclusions 
5.1 Summary and Conclusions 
 
The dissertation focuses on hydrologic modeling, scaling up, and valuation of environmental 
benefits of one particular LID, green roofs. Using monitored hydrological and meteorological 
data from a simple-intensive green roof, Hydrus-1D was used to calibrate the moisture retention 
parameters of the green roof substrate. The green roof performance was integrated and scaled 
into the probabilistic IUHM model to study the impact of green roofs on catchment outlet runoff 
hydrographs. The economic benefits of green roof implementation at the watershed scale were 
quantified using benefit transfer. Conclusions drawn from the study are listed below. 
 
5.1.1 A continuous simulation of rainfall-runoff and evapotranspiration for a simple-
intensive green roof in Champaign, IL  
 Water retention in green roofs depends on several factors including antecedent substrate 
moisture and total volume of rainfall 
 Hydrus-1D  does a sufficient job at continuously simulating runoff and ET and 
calculating soil moisture for a continuous period time   
 The calibrated parameters for the van Genuchten model are effective parameters 
incorporating the effect of non-captured subsystems of the GR such as the moisture 
retention mat and the scale of the roof 
 Modeled evapotranspiration provides a good first attempt at simulating green roof 
behavior for continuous periods of time but future research should refine it and  take into 
account the specific characteristics of the plants and substrate 
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5.1.2 Modification of IUHM to incorporate green roof performance: A case study for the 
Village of Dolton, IL 
 IUHM has been demonstrated to be a convenient tool to simulate watershed-scale 
hydrologic response of green roofs, taking into account local-scale heterogeneity 
 Hypothetical storm simulations show a linear watershed scaling of volume reduction with 
% GR addition for the same storm depth and initial conditions, regardless of storm 
characteristics (duration, peak intensity, spatial distribution) 
 The temporal distribution of rainfall impacts the reduction in peak runoff rate, and the 
delays in runoff centroid and onset of runoff, which scale nonlinearly with % GR 
addition 
 The results of the wet and dry year simulations show different results for storms of 
similar depths and demonstrate that the antecedent soil moisture in addition to rainfall 
depth play an important role in determining the water retention capacity of green roofs 
 The total rainfall depth and the green roof moisture content at the beginning of  a storm 
appear to  have the most significance on the total runoff 
 The time to onset of runoff and peak runoff rate appear to be impacted by the time to 
peak rainfall intensity and the peak rainfall intensity, respectively 
 The total rainfall depth appears to have the most significance on ponded runoff volume 
 
5.1.3 Scaling of benefits from watershed-scale green roof intervention for the Village of 
Dolton, Illinois 
 Installation costs are high for green roofs with a median value of $172/m2. Installation 
costs of black roofs vary widely over a range of $22/m
2 
- $129/m
2
 
 The NPV of GRs that replace the more expensive CRs is positive (i.e. benefit) and their 
MNPV decreases with scaling. In contrast, the NPV for GRs that replace the less 
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expensive CRs is negative (i.e. an additional cost) and their MNPV increases with 
scaling.  
 The greatest benefits accrued from green roofs are due to the private benefits ( reduced 
energy use) 
   A breakdown of the external benefits accrued from uniform installation of GRs across 
all orders, results in the following benefits listed in descending order: WTP  for decreased 
street flooding, WTP for increased infiltration, reduced CSO storage requirements (for 
2012 only), reduced stormwater treatment volumes, and reduced CSO treatment volumes  
  Varying the spatial location of green roofs within the watershed results in highest 
external benefits when GRs are distributed uniformly across all orders of the watershed 
followed by GRs placed on second order areas. The smallest external benefits occur when 
GRs are placed on first order areas  
  This analysis was performed on an existing sewershed network and wastewater treatment 
plant. For new developments, external benefits could be higher if the costs of building a 
new treatment plants are taken into account 
 Incorporation of other benefits such as the mitigation of urban heat island effect, 
improvement in the quality of receiving water bodies, reduced air pollution, ecosystem 
preservation, and sound insulation and noise reduction can increase the NPV of GRs 
 The value of the external benefits can be used as a guide for designing policy instruments 
to promote the use of green infrastructure for stormwater management 
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5.2 Future Directions 
The results and conclusions presented in this thesis indicate several future research directions. 
The monitoring of the green roof can be improved in several ways: a protection could be added 
around the roof drains to trap any seeds from entering and blocking the low flow orifices in the 
weirs. A more refined green roof monitoring approach can be implemented by instrumenting and 
monitoring several green roof test beds where each component can be monitored and modeled 
individually. These include the retention and detention through the substrate and moisture 
retention mats, the interception by the plants, the detention due to routing of the underflow to the 
drains, the change in soil moisture during storms and during the antecedent dry weather period, 
and measurement of ET.   Monitoring and modeling each component explicitly can help rule out 
uncertainties and refine the data that will be ultimately used in a generic green roof model.  
Different substrate types and depths can also be used as well as different plant species. Future 
research can also take into account snowmelt and assessment of how the GR behaves during 
different seasons. 
The watershed modeling assumed that green roof runoff is applied uniformly onto the 
impervious area. In reality, green roof runoff will most likely be routed to the impervious area 
via a pipe as concentrated flow. While the total volume would not change, the peak runoff rate 
and timing to peak runoff rate may change, and this could impact the street flooded runoff 
volume. Other LID can be incorporated into the model to assess the cumulative impact of 
distributed stormwater controls. Changing the flow routing in IUHM can also be explored. 
The economic analysis could be extended to incorporate additional nonmarket benefits that 
include the improvement in water quality of receiving water body, mitigation of urban heat 
island effect, reduced air pollution, ecosystem preservation, and sound insulation and noise 
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reduction. Incorporation of additional could increase the NPV of GRs and the initial installation 
cost of green roofs could become lower as the green roof industry achieves economies of scale. 
In addition to the stormwater retention benefits, some broader questions of this research are 
listed below: 
 Is the potential for mitigating the urban heat island effect large enough to impact the 
microclimate of urban areas? Would it result in fewer heat waves, reduced frequency of 
storms? 
 Can the added green space result in fewer respiratory illnesses associated with urban air 
pollution? 
 Can the increased greenery in urban areas and inner cities lead to environmental 
equity/justice?  
 
Addressing these questions and their nonmarket values could shed light on how we transform 
and manage our built environment in the future.  
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   Appendix A 
General Framework of IUHM (Modified from Cantone (2010)) 
IUHM is a probabilistic model developed by Cantone and Schmidt (2010) for simulating 
complex urban sewer systems. It is based on the original geomorphological instantaneous unit 
hydrograph (GIUH) concept developed by Rodriguez-Iturbe and Valdes (1979), which uses the  
geomorphological structure of a natural basin to characterize the runoff hydrograph as a travel 
time distribution that is a function of the hillslope and channel network response. The Strahler 
(1957) ordering scheme and Horton’s (1945) laws of stream orders are sufficient for predicting 
the GIUH without the need for additional input data. Cantone and Schmidt (2010) proposed that 
urban sewer systems can be modeled using the same GIUH theory by assuming that the 
hydrologic response of urban catchments is linked to the structure of the sewer network. They 
identified overland flow, infiltration, depression storage, surface runoff, inlet/catch basin, and 
combined sewer hydraulics as the most important processes occurring in urban catchments and 
used these to formulate IUHM. They use the kinematic wave equation for overland flow routing 
and take into account inlet hydraulics. They illustrate how IUHM does not require the 
burdensome data inputs of detailed deterministic models by using a 3.2 km
2
 urbanized catchment 
(CDS-51) in the Chicago area as an example. Using a random sample of as little as 30% of the 
subcatchments and conduits in CDS-51 to generate the input for IUHM, they predict (observed) 
watershed outlet hydrographs without decreasing the accuracy or increasing the uncertainty.  
Rainfall is assumed to be distributed uniformly in space and uniformly abstracted to satisfy 
depression storage in both pervious and impervious regions. For impervious regions, excess 
overland flow occurs once depression storage is satisfied. For pervious regions, infiltration 
excess rainfall is the key runoff mechanism. The Green and Ampt method is used to determine 
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the infiltration rate. Excess rainfall from pervious regions is assumed to flow over impervious 
regions first before reaching an artificial gutter, while flow from impervious regions contributes 
directly to the gutter. Inlet hydraulics are taken into account as well as surcharge flow from the 
previous time step if the inlet or conduit had insufficient capacity. Figure A.1 below is a 
conceptual representation of the hydrologic and hydraulic processes that Cantone and Schmidt 
(2010) identified as the most important for modeling in IUHM. 
 
Figure A.1 Conceptual Representation of how flow paths through each hydraulic and 
hydrologic process are simulated in IUHM (Cantone) 
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Using the Strahler ordering scheme (1957) an urban catchment of order Ω can be divided into 
different states:  
• xoi: overland state (infiltration excess overland flow)         
• xci: conduit state (channel flow) 
The overland region is divided into pervious and impervious regions resulting in 2
Ω
 number of 
flow paths that a drop of water can follow. Each raindrop falling on an overland region within 
the watershed is assumed to move successively from lower order to higher order conduits until it 
reaches the outlet. 
For a drop of rainfall having path w with probability P(w): 
• w: 𝑥𝑜𝑖,𝑝𝑒𝑟𝑣 → 𝑥𝑜𝑖,𝑖𝑚𝑝 → 𝑥𝑐𝑖 → 𝑥𝑐𝑗 → ⋯ → 𝑥𝑐𝛺 → 𝑜𝑢𝑡𝑙𝑒𝑡 
• P(w) is the probability of starting out in initial overland state POAi times the probabilities of 
making successive transitions to conduits of higher order along the path: 
• 𝑃(𝑤) = 𝑃𝑂𝐴𝑖 . 𝑃𝑥𝑜𝑖,𝑝𝑒𝑟𝑣 . 𝑃𝑥𝑜𝑖,𝑝𝑒𝑟𝑣𝑥𝑜𝑖,𝑖𝑚𝑝 . 𝑃𝑥𝑜𝑖,𝑖𝑚𝑝𝑥𝑐𝑖 . 𝑃𝑥𝑐𝑖𝑥𝑐𝑗 … 𝑃𝑥𝑐𝑘𝑥𝑐𝛺     for odd paths          (1) 
• 𝑃(𝑤) = 𝑃𝑂𝐴𝑖. 𝑃𝑥𝑜𝑖,𝑖𝑚𝑝 . 𝑃𝑥𝑜𝑖,𝑖𝑚𝑝𝑥𝑐𝑖 . 𝑃𝑥𝑐𝑖𝑥𝑐𝑗 … 𝑃𝑥𝑐𝑘𝑥𝑐𝛺                             for even paths         (2) 
Because there is a significant probability that a raindrop will transition from an i
th 
order to 
another i
th
 order conduit, a scaling factor ai is used to represent the average number of successive 
ith-order conduits that a drop of rainfall would follow: 
• 𝑎𝑖 = ∑ 𝑛𝑃𝑥𝑖,𝑛
𝑁
𝑖=1  
where n =1, 2,...N is the number of successive ith-order conduits, and Pxi,n  is the probability of a 
drop water travelling through n successive ith-order conduits. 
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?̅?𝑤(𝑡)is the total travel time of a raindrop of intensity i(t) moving through path w to the 
watershed outlet 
• ?̅?𝑤(𝑡) = ?̅?𝑥𝑜𝑖,𝑝𝑒𝑟𝑣(𝑡) + ?̅?𝑥𝑜𝑖,𝑝𝑒𝑟𝑣𝑖𝑚𝑝(𝑡) + ?̅?𝑥𝑜𝑖,𝑖𝑚𝑝(𝑡) + 𝑎𝑖?̅?𝑥𝑐𝑖(𝑡) + 𝑎𝑗?̅?𝑥𝑐𝑗(𝑡) + ⋯ +
𝑎𝛺?̅?𝑥𝑐𝛺(𝑡)                                                                                                                        (3) 
𝑓𝑥𝑘(𝑡
′) is the travel time probability-density-function in state 𝑥𝑘with a mean value ?̅?𝑥𝑘. It was 
assumed to follow an exponential distribution: 
• 𝑓𝑥𝑘(𝑡
′) =
1
?̅?𝑥𝑘(𝑡)
𝑒𝑥𝑝 (
−𝑡′
?̅?𝑥𝑘(𝑡)
) ; ∀𝑡′                                                                                     (4) 
where t relates to rainfall intensity and t’ is associated with travel time PDF 
The network impulse response function of the catchment is derived by multiplying  
𝑓𝑥𝑘(𝑡
′) by 𝑃(𝑤): 
• 𝑢(𝑡′, 𝑡) = ∑ [𝑓𝑥𝑜𝑖,𝑝𝑒𝑟𝑣 (𝑡
′) ∗ 𝑓𝑥𝑜𝑖,𝑝𝑒𝑟𝑣𝑖𝑚𝑝(𝑡
′) ∗ 𝑓𝑥𝑜𝑖,𝑖𝑚𝑝 (𝑡
′) ∗ 𝑓𝑥𝑐𝑖 (𝑡
′) ∗ 𝑓𝑥𝑐𝑗 (𝑡
′) ∗𝑤𝜖𝑊
… 𝑓𝑥𝑐𝛺 (𝑡
′)] . P(w)                                                                                                           (5) 
1) where * is the convolution integral and wЄW is the path space over W; 𝑊 =
⟨𝑥𝑜𝑖,𝑝𝑒𝑟𝑣, 𝑥𝑜𝑖,𝑝𝑒𝑟𝑣𝑖𝑚𝑝, 𝑥𝑜𝑖,𝑖𝑚𝑝, 𝑥𝑐𝑖, 𝑥𝑐𝑗, … , 𝑥𝑐𝛺⟩ 
The direct runoff hydrograph for the catchment: 
• 𝑄(𝑡) = ∑ [𝑢(𝑡′, 𝑡). 𝑞𝐿𝑤(𝑡)]
∞
𝑡′=1 . 𝐴                                                                                   (6) 
where 𝑞𝐿𝑤,𝑝𝑒𝑟𝑣(𝑡) is the pervious excess rainfall for odd paths (w = 1, 3, …., Ω-1) and 𝑞𝐿𝑤,𝑖𝑚𝑝(𝑡) 
is the pervious excess rainfall for even paths (w = 2, 4, …., Ω)  
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  Appendix B 
 
Table B.1 Site-scale runoff summary for the 4 uniform storms 
  
T = 120 
mins 
T = 240 
mins 
T = 480 
mins 
T = 960 
mins 
% Decrease in total runoff 75.1 75.1 75.1 75.2 
% decrease in peak runoff 48.6 17.2 3.7 0.8 
% delay in runoff centroid 42.9 49.0 57.3 65.0 
Delay in runoff centroid (mins) 132 239 442 829 
 
 
Table B.2 Site-scale runoff summary for the 3 triangular storms 
  
Tp = 60 
mins 
Tp = 120 
mins 
Tp = 180 
mins 
% Decrease in total runoff 75.1 75.1 75.1 
% Decrease in peak runoff 
rate 69.4 65.6 57.7 
% delay in runoff centroid 48.7 43.8 39.9 
Delay in onset of runoff 
(mins) 197 211 228 
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Table B.3 Watershed-scale runoff summary for the 4 uniform storms 
Marginal Change in Total Runoff (%) 
T = 120 
min 
T = 240 
min 
T = 480 
min 
T = 960 
min 
10% GR 9.6 9.4 9.4 9.4 
20% GR 9.9 9.3 9.3 9.3 
30% GR 9.3 9.4 9.4 9.3 
40% GR 9.1 9.5 9.5 9.3 
          
Marginal Change in peak runoff rate (%)         
10% GR 10.0 10.0 5.7 0.3 
20% GR 10.0 10.0 3.3 0.2 
30% GR 10.0 10.0 2.1 0.2 
40% GR 10.0 10.0 1.2 0.2 
          
Marginal Change in runoff centroid (%)         
10% GR 1.8 2.0 2.3 2.7 
20% GR 2.1 2.2 2.7 3.1 
30% GR 2.4 2.7 3.3 3.8 
40% GR 2.9 3.4 4.1 4.7 
          
Marginal Change in onset of runoff (%)         
10% GR 0.8 1.3 2.3 3.9 
20% GR 1.1 1.6 3.1 5.0 
30% GR 1.1 2.1 3.8 6.2 
40% GR 1.4 3.2 5.2 8.5 
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Table B.4 Watershed-scale runoff summary for the 3 triangular storms 
Marginal Change in Total Runoff (%) 
Tp = 60 
min 
Tp = 120 
min 
Tp = 180 
min 
10% GR 9.6 9.4 9.0 
20% GR 9.9 9.5 9.5 
30% GR 9.2 9.0 9.4 
40% GR 9.0 9.4 9.5 
        
Marginal Change in peak runoff rate 
(%)       
10% GR 11.3 9.9 9.9 
20% GR 11.8 9.9 9.9 
30% GR 11.4 9.9 10.0 
40% GR 11.3 9.9 10.0 
        
Marginal Change in runoff centroid (%)       
10% GR 2.0 1.8 1.6 
20% GR 2.4 2.1 1.9 
30% GR 2.8 2.4 2.2 
40% GR 3.4 3.1 2.8 
        
Marginal Change in onset of runoff (%)       
10% GR 0.7 1.1 1.0 
20% GR 0.9 1.3 1.5 
30% GR 0.9 1.6 1.8 
40% GR 1.2 1.9 2.3 
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Figure B.1 Percent marginal reduction in a) total runoff, Qtot, b) time to onset of runoff, 
Tqo c) peak runoff rate, Qpeak, d) time to peak runoff rate, Tqpeak, and e) ponded runoff 
volume, Qpond for the watershed under varying scenarios of green roof coverage for 2010 
a 
c 
b 
d 
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Figure B.1 (cont.) 
 
 
e 
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Figure B.2 Percent marginal reduction in a) total runoff, Qtot, b) time to onset of runoff, 
Tqo c) peak runoff rate, Qpeak, and c) time to peak runoff rate, Tqpeak, and e) ponded 
runoff volume,  for the watershed under varying scenarios of green roof 
 
a 
b 
c 
d 
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Figure B.2 (cont.) 
e 
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  Appendix C 
Table C.1 Multiple regression results for total runoff volume, Qtot, for 2010 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-4678.621*** 
(302.754) 
-13649.021*** 
(1707.997) 
-18856.017*** 
(2104.750) 
-24040.076*** 
(2748.136) 
-29326.921*** 
(3494.311) 
Rain Depth 
28648.301*** 
(560.029) 
29073.085*** 
(576.474) 
29009.392*** 
(710.384) 
29022.279*** 
(927.537) 
28953.082*** 
(1179.382) 
Duration 
-0.336 
(0.358) 
-0.269 
(0.348) 
-0.132 
(0.428) 
-0.038 
(0.559) 
0.103 
(0.711) 
Max. Intensity 
12.156 
(948.388) 
312.241 
(945.140) 
1212.853 
(1164.687) 
1951.751 
(1520.713) 
2826.710 
(1933.617) 
Time to Max. Intens. 
1.401 
(0.815) 
0.424 
(0.806) 
-0.166 
(0.993) 
-0.716 
(1.296) 
-1.316 
(1.648) 
Time btw Storms 
0.006 
(0.024) 
0.083** 
(0.029) 
0.122** 
(0.036) 
0.159** 
(0.047) 
0.198** 
(0.060) 
AWW1day 
316.512 
(312.874) 
107.597 
(317.658) 
97.139 
(391.447) 
96.127 
(511.106) 
105.786 
(649.881) 
AWW7day 
330.637 
(209.612) 
122.136 
(202.622) 
-75.562 
(249.689) 
-244.479 
(326.015) 
-446.506 
(414.535) 
AWW10day 
-229.767 
(167.741) 
-177.323 
(168.258) 
-21.497 
(207.343) 
121.249 
(270.724) 
285.348 
(344.232) 
GR Soil Moisture  
35530.028*** 
(7467.817) 
54487.392*** 
(9202.523) 
73366.501*** 
(12015.581) 
92630.230*** 
(15278.056) 
R
2
 0.999 0.999 0.999 0.998 0.997 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5%  
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Table C.2 Multiple regression results for total runoff volume, Qtot, for 2012 
 
0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-4232.450*** 
(33.895) 
-8572.561*** 
(991.327) 
-13187.209*** 
(1877.362) 
-17670.271*** 
(2873.811) 
-22100.437*** 
(3786.505) 
Rain Depth 
27869.750*** 
(76.482) 
27988.014*** 
(565.695) 
27963.211*** 
(1071.307) 
28045.453*** 
(1639.925) 
28100.439*** 
(2160.749) 
Duration 
0.052 
(0.040) 
-0.123 
(0.290) 
-0.235 
(0.550) 
-0.381 
(0.842) 
-0.529 
(1.109) 
Max. Intensity 
103.395 
(120.447) 
-95.552 
(881.335) 
100.519 
(1669.061) 
-101.561 
(2554.950) 
-201.410 
(3366.377) 
Time to Max. Intens. 
0.063 
(0.055) 
0.051 
(0.401) 
0.085 
(0.760) 
0.147 
(1.163) 
0.099 
(1.532) 
Time btw Storms 
0.003 
(0.002) 
-0.010 
(0.014) 
-0.019 
(0.026) 
-0.027 
(0.040) 
-0.038 
(0.053) 
AWW1day 
34.176 
(150.829) 
380.894 
(1173.697) 
402.409 
(2222.732) 
819.775 
(3402.494) 
919.789 
(4483.092) 
AWW7day 
48.036 
(32.637) 
176.605 
(242.424) 
386.247 
(459.100) 
575.334 
(702.777) 
723.110 
(925.972) 
AWW10day 
-24.285 
(27.433) 
-110.825 
(203.922) 
-240.574 
(386.184) 
-350.106 
(591.159) 
-465.753 
(778.905) 
GR Soil Moisture  
17103.199** 
(4384.494) 
35132.567** 
(8303.298) 
52618.228** 
(12710.446) 
70206.461** 
(16747.157) 
R2 1.000 1.000 0.999 0.997 0.996 
Sample Size 22 22 22 22 22 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.3 Multiple regression results for time to onset of runoff, Tqo, for 2010 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
75.122* 
(31.377) 
93.921 
(192.423) 
73.834 
(199.681) 
-37.113 
(252.689) 
140.002 
(541.798) 
Rain Depth 
-151.367* 
(58.309) 
-152.755* 
(65.189) 
-145.705* 
(67.648) 
-95.343 
(85.605) 
-182.324 
(183.549) 
Duration 
0.097* 
(0.037) 
0.101* 
(0.039) 
0.100* 
(0.041) 
0.083 
(0.051) 
0.224 
(0.110) 
Max. Intensity 
0.316 
(98.621) 
-9.890 
(106.749) 
-35.846 
(110.776) 
-141.594 
(140.182) 
-56.181 
(300.570) 
Time to Max. Intens. 
0.508*** 
(0.085) 
0.516*** 
(0.091) 
0.518*** 
(0.094) 
0.470*** 
(0.119) 
0.286 
(0.256) 
Time btw Storms 
0.001 
(0.003) 
0.001 
(0.003) 
0.001 
(0.003) 
0.003 
(0.004) 
0.000 
(0.009) 
AWW1day 
54.720 
(32.458) 
54.734 
(35.792) 
51.930 
(37.142) 
33.510 
(47.002) 
6.782 
(100.778) 
AWW7day 
-66.601** 
(21.762) 
-64.738** 
(22.843) 
-62.866* 
(23.705) 
-56.394 
(29.997) 
-33.357 
(64.318) 
AWW10day 
63.881** 
(17.412) 
62.664** 
(18.969) 
59.412** 
(19.685) 
45.103 
(24.910) 
44.049 
(53.411) 
GR Soil Moisture  
-52.182 
(841.257) 
96.706 
(872.990) 
790.404 
(1104.736) 
15.382 
(2368.701) 
R2 0.809 0.810 0.809 0.740 0.471 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.4 Multiple regression results for time to onset of runoff, Tqo, for 2012 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
82.480 
(63.195) 
273.184 
(258.860) 
292.320 
(257.919) 
332.107 
(260.941) 
451.441 
(272.438) 
Rain Depth 
51.324 
(142.597) 
33.289 
(147.717) 
42.979 
(147.180) 
51.139 
(148.904) 
6.270 
(155.465) 
Duration 
-0.028 
(0.074) 
-0.023 
(0.076) 
-0.027 
(0.076) 
-0.027 
(0.076) 
0.015 
(0.080) 
Max. Intensity 
-198.049 
(224.568) 
-193.563 
(230.138) 
-226.682 
(229.302) 
-264.998 
(231.988) 
-241.265 
(242.210) 
Time to Max. Intens. 
0.593*** 
(0.103) 
0.602*** 
(0.105) 
0.605*** 
(0.104) 
0.608*** 
(0.106) 
0.616*** 
(0.110) 
Time btw Storms 
-0.001 
(0.003) 
-0.002 
(0.004) 
-0.002 
(0.004) 
-0.002 
(0.004) 
-0.002 
(0.004) 
AWW1day 
14.407 
(281.214) 
73.718 
(306.481) 
39.524 
(305.367) 
-22.618 
(308.945) 
-81.796 
(322.557) 
AWW7day 
-83.274 
(60.850) 
-77.856 
(63.303) 
-84.952 
(63.073) 
-96.625 
(63.812) 
-122.334 
(66.623) 
AWW10day 
54.881 
(51.148) 
64.600 
(53.249) 
67.671 
(53.055) 
74.767 
(53.677) 
103.837 
(56.042) 
GR Soil Moisture  
-830.879 
(1144.900) 
-848.184 
(1140.738) 
-935.491 
(1154.102) 
-1440.848 
(1204.952) 
R2 0.842 0.853 0.860 0.864 0.868 
Sample Size 22 22 22 22 22 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.5 Multiple linear results for peak runoff rate, qpeak, for 2010 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-24.120*** 
(6.242) 
-55.638 
(58.900) 
-92.273 
(86.519) 
-124.247 
(113.238) 
-171.118 
(141.547) 
Rain Depth 
26.702* 
(11.547) 
26.471 
(19.880) 
29.057 
(29.201) 
39.636 
(38.220) 
50.823 
(47.774) 
Duration 
-0.004 
(0.007) 
-0.004 
(0.012) 
-0.004 
(0.018) 
-0.007 
(0.023) 
-0.009 
(0.029) 
Max. Intensity 
423.484*** 
(19.554) 
421.598*** 
(32.593) 
417.093*** 
(47.876) 
400.417*** 
(62.662) 
383.309*** 
(78.327) 
Time to Max. Intens. 
0.034 
(0.017) 
0.038 
(0.028) 
0.037 
(0.041) 
0.026 
(0.053) 
0.013 
(0.067) 
Time btw Storms 
0.001 
(0.001) 
0.001 
(0.001) 
0.001 
(0.001) 
0.000 
(0.002) 
0.000 
(0.002) 
AWW1day 
7.539 
(6.451) 
14.855 
(10.954) 
21.074 
(16.091) 
24.270 
(21.060) 
26.899 
(26.325) 
AWW7day 
2.929 
(4.322) 
0.468 
(6.987) 
-1.665 
(10.264) 
-0.834 
(13.434) 
-0.947 
(16.792) 
AWW10day 
-1.719 
(3.459) 
0.132 
(5.802) 
1.573 
(8.523) 
1.737 
(11.155) 
2.147 
(13.944) 
GR Soil Moisture  
89.859 
(257.526) 
202.957 
(378.284) 
305.842 
(495.108) 
477.960 
(618.880) 
R2 0.995 0.988 0.976 0.959 0.938 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.6 Multiple regression results for peak runoff rate, qpeak, for 2012 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-2.266 
(8.118) 
-67.319* 
(30.038) 
-104.907* 
(40.893) 
-132.920 
(62.079) 
-146.008 
(85.008) 
Rain Depth 
12.949 
(18.317) 
39.406* 
(17.141) 
65.637* 
(23.335) 
93.174* 
(35.425) 
116.077* 
(48.509) 
Duration 
-0.007 
(0.010) 
-0.013 
(0.009) 
-0.019 
(0.012) 
-0.026 
(0.018) 
-0.031 
(0.025) 
Max. Intensity 
421.380*** 
(28.847) 
383.666*** 
(26.705) 
345.101*** 
(36.355) 
303.295*** 
(55.191) 
266.577** 
(75.576) 
Time to Max. Intens. 
0.011 
(0.013) 
0.016 
(0.012) 
0.020 
(0.017) 
0.025 
(0.025) 
0.031 
(0.034) 
Time btw Storms 
0.000 
(0.000) 
-0.000 
(0.000) 
-0.001 
(0.001) 
-0.001 
(0.001) 
-0.002 
(0.001) 
AWW1day 
83.002* 
(36.123) 
72.263 
(35.564) 
74.378 
(48.415) 
83.871 
(73.499) 
99.183 
(100.646) 
AWW7day 
29.557** 
(7.816) 
25.706** 
(7.346) 
23.658* 
(10.000) 
22.480 
(15.181) 
22.183 
(20.788) 
AWW10day 
-28.924*** 
(6.570) 
-29.776*** 
(6.179) 
-29.675** 
(8.412) 
-28.195* 
(12.770) 
-25.698 
(17.487) 
GR Soil Moisture  
263.825 
(132.855) 
403.536* 
(180.862) 
495.087 
(274.566) 
517.907 
(375.977) 
R2 0.996 0.997 0.993 0.985 0.972 
Sample Size 22 22 22 22 22 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.7 Multiple regression results for time to peak runoff rate, Tqpeak, for 2010 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
110.001* 
(49.648) 
-356.014 
(302.342) 
-149.388 
(609.910) 
-263.847 
(600.350) 
-394.681 
(594.142) 
Rain Depth 
121.457 
(91.839) 
185.010 
(102.045) 
52.035 
(205.854) 
27.540 
(202.627) 
26.266 
(200.532) 
Duration 
0.005 
(0.059) 
-0.006 
(0.062) 
0.170 
(0.124) 
0.198 
(0.122) 
0.181 
(0.121) 
Max. Intensity 
-234.415 
(155.525) 
-322.291 
(167.304) 
-135.946 
(337.501) 
-133.682 
(332.211) 
-164.147 
(328.775) 
Time to Max. Intens. 
0.678*** 
(0.134) 
0.613*** 
(0.143) 
0.430 
(0.288) 
0.417 
(0.283) 
0.461 
(0.280) 
Time btw Storms 
-0.000 
(0.004) 
0.005 
(0.005) 
0.002 
(0.010) 
0.002 
(0.010) 
0.004 
(0.010) 
AWW1day 
-41.796 
(51.308) 
-71.098 
(56.230) 
-89.484 
(113.433) 
-85.833 
(111.655) 
-97.621 
(110.500) 
AWW7day 
13.307 
(34.374) 
10.763 
(35.867) 
36.270 
(72.354) 
22.846 
(71.220) 
22.628 
(70.484) 
AWW10day 
-19.553 
(27.508) 
-33.460 
(29.784) 
-22.141 
(60.083) 
-18.619 
(59.142) 
-22.733 
(58.530) 
GR Soil Moisture  
2126.173 
(1321.920) 
964.391 
(2666.687) 
1571.775 
(2624.891) 
2289.720 
(2597.747) 
R2 0.757 0.751 0.410 0.441 0.457 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.8 Multiple regression results for time to peak runoff rate, Tqpeak, for 2012 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-87.329 
(178.915) 
-347.137 
(741.052) 
-271.044 
(745.684) 
-178.472 
(740.125) 
126.828 
(727.088) 
Rain Depth 
364.272 
(403.715) 
387.688 
(422.877) 
366.468 
(425.521) 
335.008 
(422.349) 
176.308 
(414.909) 
Duration 
0.342 
(0.210) 
0.334 
(0.217) 
0.338 
(0.218) 
0.348 
(0.217) 
0.413 
(0.213) 
Max. Intensity 
-535.693 
(635.788) 
-559.745 
(658.829) 
-536.572 
(662.948) 
-505.238 
(658.005) 
-296.448 
(646.414) 
Time to Max. Intens. 
0.239 
(0.291) 
0.237 
(0.300) 
0.251 
(0.302) 
0.254 
(0.300) 
0.296 
(0.294) 
Time btw Storms 
-0.000 
(0.009) 
0.001 
(0.010) 
0.001 
(0.010) 
0.000 
(0.010) 
-0.002 
(0.010) 
AWW1day 
-777.499 
(796.160) 
-885.642 
(877.380) 
-758.757 
(882.865) 
-746.198 
(876.283) 
-666.372 
(860.847) 
AWW7day 
-200.428 
(172.277) 
-217.014 
(181.221) 
-214.262 
(182.354) 
-218.135 
(180.994) 
-236.040 
(177.806) 
AWW10day 
197.764 
(144.809) 
189.709 
(152.439) 
201.744 
(153.391) 
214.067 
(152.248) 
282.835 
(149.566) 
GR Soil Moisture  
1207.712 
(3277.565) 
846.352 
(3298.053) 
456.334 
(3273.466) 
-1035.045 
(3215.803) 
R2 0.800 0.802 0.797 0.797 0.799 
Sample Size 22 22 22 22 22 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.9 Multiple regression results for ponded runoff volume, Qpond, for 2010 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-126.421 
(71.817) 
-508.379* 
(203.850) 
-547.434* 
(210.532) 
-584.521* 
(217.288) 
-614.828* 
(224.253) 
Rain Depth 
333.650*** 
(88.237) 
366.827*** 
(90.407) 
360.204*** 
(93.371) 
353.513** 
(96.367) 
348.990** 
(99.455) 
Duration 
-0.084 
(0.071) 
-0.096 
(0.071) 
-0.091 
(0.073) 
-0.086 
(0.076) 
-0.083 
(0.078) 
Max. Intensity 
233.109 
(152.643) 
201.088 
(153.789) 
216.182 
(158.830) 
231.219 
(163.927) 
240.481 
(169.181) 
Time to Max. Intens. 
0.190 
(0.120) 
0.168 
(0.119) 
0.166 
(0.123) 
0.165 
(0.127) 
0.164 
(0.131) 
Time btw Storms 
0.002 
(0.005) 
0.004 
(0.005) 
0.003 
(0.006) 
0.003 
(0.006) 
0.003 
(0.006) 
AWW1day 
-17.526 
(46.330) 
-39.768 
(48.030) 
-36.546 
(49.605) 
-33.618 
(51.197) 
-30.173 
(52.838) 
AWW7day 
-2.710 
(30.565) 
-9.703 
(30.384) 
-11.361 
(31.380) 
-13.191 
(32.387) 
-13.840 
(33.425) 
AWW10day 
12.620 
(24.482) 
5.528 
(24.816) 
7.196 
(25.629) 
8.878 
(26.452) 
9.814 
(27.300) 
GR Soil Moisture  
1718.215 
(893.185) 
1841.128 
(922.465) 
1962.613* 
(952.066) 
2060.670* 
(982.582) 
R2 0.936 0.940 0.937 0.933 0.930 
Sample Size 36 36 36 36 36 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
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Table C.10 Multiple regression results for ponded runoff volume, Qpond, for 2012 
 0% GR 10% GR 20% GR 30% GR 40% GR 
Intercept 
-67.320** 
(19.012) 
-29.188 
(87.679) 
-56.244 
(98.928) 
-79.532 
(112.832) 
-98.313 
(126.378) 
Rain Depth 
244.480*** 
(42.900) 
227.282*** 
(50.033) 
215.667** 
(56.452) 
205.802** 
(64.387) 
194.713* 
(72.117) 
Duration 
-0.045 
(0.022) 
-0.040 
(0.026) 
-0.036 
(0.029) 
-0.032 
(0.033) 
-0.027 
(0.037) 
Max. Intensity 
190.409* 
(67.561) 
196.396* 
(77.950) 
200.837* 
(87.951) 
201.616 
(100.313) 
206.647 
(112.356) 
Time to Max. Intens. 
-0.005 
(0.031) 
0.006 
(0.035) 
0.016 
(0.040) 
0.025 
(0.046) 
0.033 
(0.051) 
Time btw Storms 
-0.002 
(0.001) 
-0.003 
(0.001) 
-0.003 
(0.001) 
-0.003 
(0.002) 
-0.003 
(0.002) 
AWW1day 
141.303 
(84.603) 
165.942 
(103.809) 
158.730 
(117.127) 
153.435 
(133.590) 
146.925 
(149.628) 
AWW7day 
-12.145 
(18.307) 
-8.021 
(21.441) 
-6.615 
(24.192) 
-5.919 
(27.593) 
-5.815 
(30.905) 
AWW10day 
1.930 
(15.388) 
6.835 
(18.036) 
8.539 
(20.350) 
10.781 
(23.210) 
13.380 
(25.997) 
GR Soil Moisture  
-206.812 
(387.790) 
-116.345 
(437.542) 
-40.408 
(499.041) 
17.050 
(558.953) 
R2 0.985 0.981 0.974 0.965 0.955 
Sample Size 22 22 22 22 22 
Standard errors in parentheses. 
Significance levels:  *** 0.1%, ** 1%, and * 5% 
